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Dear Sir: 

I. George N. Cox. Ill, declare as follows: 

1 . I am a co-inventor of the above-referenced patent application and am familiar with 
the application. I am a skilled artisan in the fields of molecular and cellular biology. 

2. This Declaration is being submitted in conjunction with an Amendment and Response 
to an Office Aclion having a mailing date of August 15, 2005. 

3. The following discussion is provided in response to the Examiner's rejections of 
Claims 1, 6, 7, 24, 25, 28-31, 37. 38 and 43 under 35 U.S.C. § 102 in view of Sytkowski et ai. (WO 
99/02709) and further in response to the Examiner's rejections of Claim 32 or Claim 38 under 35 
U.S.C. § 103 in view of Sytkowski et al. (WO 99/02709), alone or in combination with other 
references. 

Although WO 99/02709 hypothecates direct EPO/IgG fusion proteins (i.e.. a fusion protein 
without an intervening linker), in fact, I submit that the only method described or referenced for 
producing such fusion proteins referenced by WO 99/02709 is inoperable for the production of direct 
HPO-lgG fusions. More particularly, on page 22, line 26, WO 99/02709 states that the contemplated 
EPO/IgG tbsion proteins can be produced according to the methods of Steurer et al. (J. Immunology 
155: 1 i 65- 1 175, 1995), which uses a BamWl site to join cDNAs encoding CTLA4 and a mutant 
murine IgG2a-Fc domain (see page 1 166, column 2, 2nd paragraph in Genetic Constructs section). 
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On page 24, line 20, WO 99/02709 teaches the following general method for constructing EPO 
fusion proteins : " The region of the Fcy2a cDNA encoding the hinge* CH2 and CH3 domains of the 
heavy chain is then amplified by PCR using oligonucleotides designed to append unique Bam HI and 
Xbal restriction sites onto the5' and3 1 ends[sic]...AcDNA encoding the erythropoietin is amplified 
by PCR using oligonucleotides designed to append unique Afotfand Btimtil restriction sites onto the 
5' and 3 ' ends of this cDNA PCR respectively." This paragraph goes on to say that cDNAs encoding 
liPO and IgG-Fc fragment are ligated together and joined by the Bamlll site. The application docs 
not provide any additional methods for creating EPO/IgG fusion proteins, nor does the application 
provide any working example showing the actual fusion of EPO to an IgG domain. 

However, WO 99/02709 clearly did not fully appreciate the structure of a direct fusion of 
EPO and IgG-Fc domains because it is impossible to use the method taught in WO 99/02709 (/.*.. 
using the method ofSteureret al.)to construct such a protein {I.e., a direct fusion of EPO and an Fc 
domain. The amino acids at the end of EPO and the beginning of mouse or human IgG-Fc domains 
are such that they cannot be joined by a Bam 111 site (or any other restriction enzyme site that I urn 
aware of) without using a peptide linker or changing the amino acid sequences of the proteins (thus 
effectively creaiing a synthetic peptide linker). Thus, WO 99/02709 is non-enabling for the 
construction of a direct fusion between EPO and an IgG Fc domain, as it is not possible to create 
such a protein using the teachings of this publication. Thus, I submit that WO 99/02709 did not 
reduce :he invention to practice and have not actually taught an EPO-IgG fusion protein that is a 
direct fusion between EPO and IgG. 

In contrast, I and my co-inventors provided a detailed method for constructing EPO/IgG 
fusion proteins in the present invention that do not contain a peptide linker (Example 4 t pages 22 and 
23), and we successfully used this method to construct such direct fusion proteins, which is shown 
in the working examples of the present application. 

4. The following discussion is provided in response to the Examiner's rejections of 
Claims 15, 19, and 20 under 35 U.S.C. § 102 in view of Sytkowski (U.S. Patent No. 6,242,570). 

Although the '570 patent hypothecates a direct fusion of EPO to EPO in column 3 S line 32, 
there is no teaching anywhere in the '570 patent regarding how to produce such a protein, and no 
example of how to construct the EPO dimers without a linker are provided. The only muitimeric 
fusion protein taught in the '570 patent is an EPO-EPO dimer joined by a peptide linker of 1 7 amino 
acids, and the linker is joined to the second EPO protein by a Bamlll restriction site. Therefore, the 
only teaching in the '570 patent with regard to the production of an EPO muitimeric protein again 
uses the introduction of BamHl sites as a means to join the proteins. For similar reasons as those 
discussed above in paragraph 3 with regard to EPO-Ig domain fusions, given the amino acid 
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sequences at the ends of the EPO proteins, it is not possible to create a direct fusion of EPO 
monomers (e.g.. an EPO dimcric protein) this way, because the Bamtll site will always introduce 
additional amino acids that are not part of the EPO proteins, thus resulting in the creation of a linker 
between the monomers. 

5. The following discussion is provided in response to the Examiner's rejections of 
Claims 2, 3-5, 2i\ 33 t 42, 44, 45, 46, 52, 53, and 62-65 under 35 U.S.C. § 103 in view of Sytkowski 
et al. (WO 99/02709), alone or in combination with other references, including that of Curtis et al. 

The Examiner contends that it would be obvious to use linkers of widely varying size and 
composition as generically mentioned in WO 99/02709 and Curtis et al., for example, because the 
use of linkers allegedly provides flexibility to a fusion protein. However, first, I submit that although 
WO 99/02709 postulates the production of EPO/IgG fusion proteins containing peptide linkers 
joining EPO and the IgG domains, they do not teach any amino acid sequences or DNA sequences 
of any such peptide linkers, and there are no actual working examples of the production of any 
EPO/lg domain fusions in this publication. 

I submit that it is not possible to predictably use any linker of any size or composition to 
reliably produce biologically active fusion proteins, particularly with regard to producing 
biologically active fusion proteins between large proteins such as cytokines, growth factors and 
immunoglobulin domains. Indeed, the motivation of providing flexibility, as the Examiner states 
in the Office Action, is insufficient to teach one skilled in the art how to produce biologically active 
fusion proteins using peptide linkers. Instead, 1 submit that the literature leaches that the size and 
sequence of peptide linkers can dramatically affect bioactivilies of fusion proteins. Thus, without 
providing specific peptide amino acid sequences, or any other guidance regarding the selection and 
use of peptide linkers useful for the claimed proteins, all of which is missing from WO 99/02709 and 
Curtis el al., it is impossible to create any EPO/lgG fusion protein of a type envisioned by WO 
99/02709 and predict whether or not it will have in vitro or in vivo biological activity, or whether the 
fusion protein will be biologically active at all. Moreover, I submit that the art in general docs not 
suggest that linkers of the shorter size claimed in the present invention would be expected to produce 
biologically active fusions between cytokines, growth factors and immunoglobulin domains. 1 
provide the following discussion and attached publications in support of my position. 

Other publications available in the art at the time of the invention provide more specific 
teachings regarding the use of linkers in the creation of fusions between relatively large proteins 
U:g, t proteins where secondary structures and tertiary structures must be considered). The literature 
indicates that specific activities of cytokine-growth factor/Ig fusion proteins vary depending upon 
the size of the peptide linker used to join the cytokine and Ig domain, and the specific amino acid 

3 
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sequence of the peptide linker, and have generally taught that longer peptide linkers are preferred. 
These publications show that it would not have been obvious to one skilled in the art to produce the 
presently claimed fusion proteins that have the presently recited short linkers (including both the 
immunoglobulin fusion proteins and the multimeric fusion proteins), or to produce direct fusions 
between such proteins. 

For example, Robinson et al. analyzes the role of linkers in a protein, ARC, in an effort to 
produce a single chain protein using a protein that naturally forms a dimer with itself (i.e., a 
homodimcr). Robinson etal, state on page 5930, coi. 2, lines 1-7, that only linkers with 13 or more 
amino acids resulted in biologically active proteins. Linkers with 3, 8 or 9 amino acids were inactive 
in the fusion of Robinson et al. and linkers with 1 1 amino acids were only partially active. Thus, 
Robinson et al. teach away from using linkers of less than 13 (or even 1 1) amino acids for creating 
biologically active fusion proteins between large proteins. Based upon this reference, one skilled 
in the an would find it unpredictable whether biologically active EPO/Ig domain fusion proteins 
could be constructed using direct fusion or linkers between 2 and 7 amino acids, us has been 
exemplified by the present specification. In fact, 1 submit that the teachings of Robinson using other 
large proteins wuuld dissuade one from trying to make direct fusions or use smaller peptide linkers. 
In contrast to Robinson et al., the present inventors have demonstrated the use of linkers of between 
2 and 7 amino acids, to create a several different biologically active cytokine/growth factor fusions 
with Ig domains, as set forth in the present Examples, thus contradicting the findings; of Robinson 
et al. 

As another example, Qiu et al. (1998) reported that EPO-EPO fusion proteins joined by 
peptide linkers of 3-7 glycine residues have significantly reduced biological activities (4-10-fold) 
relative to wild type EPO, thus teaching away from using short linkers in such fusion proteins. 

Chang (U.S. Patent No. 5,723,125) describe alpha interferon/IgG-Fc fusion proteins joined 
by a peptide linker. Chang found that an alpha interferon fusion protein containing a 1 6 amino acid 
linker (GGSGGSGGC30SGGGGS) had 5-10-fold greater specific activity in anti-viral assays than 
a related alpha inrerferon/IgG-Fc fusion protein containing a 6 amino acid linker (GGSGGS) (see 
column 5, lines 4.V50), Similarly, in the present application (see Example 10), we found that alpha 
interferon /IgG fusion proteins containing a 7 amino acid peptide linker have approximately 1 00-fold 
reduced in vitro inactivities relative to alpha interferon. A similar result was obtained when we 
constructed a be. a interferon/IgG fusion protein containing a 7 amino acid linker. However, we 
demonstrated thai the EPO-IgG fusion proteins containing the same 7 amino acid linker had in vitro 
bioaclivities within 2- to 3- fold of EPO in in Vitro bioassays (Example 3, page 20). 

Therefore, the literature teaches that the length of the linker can dramatically impact the 
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biological activity of the resulting fusion protein, and further teaches that longer peptide linkers than 
those presently claimed were generally preferred ut the time of the invention, in contrast to the 
teachings and examples provided by me and my coinventors, 

6, 1 hereby declare that all statements made herein of my own arc true and that all 
statements made on information and belief are believed to be true; and further that the statements 
were made with the knowledge that willful false statements and the like so made are punishable by 
fine or imprisonment, or both under Section 1001 of Title 18 of the United States Code, and that 
such willful false statements may jeopardize the validity of the subject application or any patent 
issuing therefrom. 





George N. Cox, III 
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Ex Vivo Coating of Islet Cell Allografts with Murine 
CTLA4/Fc Promotes Graft Tolerance 1 



WolfganR Steur*r, 2 Peter W. Nkkerson, 2 Alan W. Steele, 3 Jurg Steiger, Xin Xiao Zheng, 
and Terry B. Strom 4 

HtirvAiri Mndif .il Sc-foioJ, Department of Medicine, and Division ot immunology, Beth Israel Hospital, Boston, MA 0221.1 

To 'est the hypothesis that blockade of B7-ir iggered costimulation by donor cells could preclude allograft rejection, 
wr <™i** crudo M*t .iltotfNift preparations in vitro tor 1 h with a murine CTLA4/Pc fusion protein. Murine 
m A4/Fc blocks ih.< proliferative response in primary mixed lymphocyte cultures (MLC) and Con A-srfmubled 
nuHne splem rail ultures by 85 to 95%. Respondcr cells from a primary MLC containing mCHA4/Fc weie 
hyrr>wsiH:nsiyo upon ^stimulation to the same stimulator cells in a secondary MLC lacking mCHA4/Fc. Became 
ol mutations in the \ cyR\ and C'1q binding sites of the Fc portion of the murine CTI,A4/Fc fusion protein, ihc 
moUt-ul* oinris to. !uit does not target, cells for Ab-dependent cellular cytotoxicity or complement-directed cy- 
tolysis. Although sy .temic immunosuppression was not applied, 42% (10 of 24) of B6AF1 recipients of iskft 
allografts pretreated with CTLA4/Tc were permanently engrafted. Further, 50% of hosts bearing functioning islet 
4lloRi*fts more than 150 days post transplant werci formally proved to be tolerant to donor tissues. A persistent 
0>r anc IDA* 7 fell infiltrate surrounding but not invading, islet grafts in toll- ran I hosts was discerned. In 
control experiments, 8*>% (8 of 9) of islet allografts coated with mlgG3, and 100% (n - 10) pretreatod with media 
alone were rejected. Thus, we conclude that 1 ) B7.triggered tostimulation by donor APCs is an important element 
of rejei hon, aod 2) blockade of the B7 pathway by in vitro allograft manipulation is able to induce tolerance. Ihe 
/ouiym/ of Immunol* >$y, 1 995, 155:11 65-1 1 74. 



Tiftl:* are ccnfi.il to the process of allograft rejec- 
tion (t, 2). Activation of T cells bearing clone- 
lypic receptor for donor allountigcn (alloAg)* is a 
two step proems in uhich occupancy of the TCR by al- 
IrtAg provides the first, but not totally sufficient, signal for 
full activation (3, 4>. signal two (Stimulation") is dc* 
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rived from ligand-to-ligand interactions between the sur- 
faces of APOi and T cells (reviewed in Ref. 5). Thj 
recently characterized members of the B7 "family" ol pro- 
teins, expressed upon professional APCr. interact with 
CD2H and T cell surface proteins and elicit un- 

usually potent cofttimulatory signals (6-10). Of note, sev- 
eral groups have found that dendritic cells (DC) are the 
most potent professional APC in providing these eostimu- 
laiiori signals to the naive T cell, whereas all professional 
APCs (i.e., DC activated macrophages, or B cells) nut 
ahle to stimulate primed T cells (J I, 12). The unique ca- 
pability of DCs to activate naive T cells may, in part, be 
related to their constitutive expression of U7 proteins (13), 
Moreover, naive T cells that recognize Ag in the absence 
of costimulatory second signals enter a Jong lived anergic 
state (i.e., fail to proliferate in response to antigenic rc- 
challenge) (3) or undergo apoptosis (14). 

Hlockadc of R7 to CD28/CTLA-4 interactions through Ok 
application of a iaiJublc human CTUV4 fusion protein 
(hm A41g) powerfully inhibits T cell responses in vitro (8. 
15). Furthermore, the systemic application of hCllJ\4Ig u > 
recipients of rodent allografts promotes cngraftmcnt. oflen 
leading ki tolerance (lfi-t8). in light of ihcse findings, we 
have tested the hypothesis that coating intragrafi B7 * donor 
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COATING ISLET GRAFTS WITH CUA4/Fc PROMOTES TOLERANCE 



coils ex viw>, beftwe 'ransptantarirtn, wnulcf preclude CDW 
CllwM catfimulatt>r : , signal and enhance the potential for 
long-term cngraftmw I and tolerance. For this purpose we 
designed a nonlytic (NL) murine CTLA4/Fc72a heavy chain 
(mCTi A4/Fc) chimeric fusion molecule. Because of nmla- 
rinnK in nwr FcyRI and C lq binding sites of the Fcy2a por- 
tion of the fuaion protun, the molecule bind* to. but does not 
target, APT* Urr lysis through Ab^pcndent cellular cyto- 
taxicity (ADOC) or c omplement-directed cytolysis (CDC) 
mCTl.A4/Fc is a competitive blocker for occupation of 
B7 proteins). Unlike -he experiments in which hCTLA4Jg 
wi« sy*teir,ieaj|y administered to the necipienl (16^18). our 
strategy of ooating the ^raft with raCllA4/Fc ex vivo should 
only block zuntimulati. >o associated with donor graft Ags, as 
wc .lo not apply systemic immunosuppression. In this report 
we describe the characterization of (NL) mCTLA4/Fc in 
vitm and it* potential \o induce in vivo graft-specific toler- 
ance following cx v.vo treatment of murine islet cell 
allografts. 

Materials and Methods 

Animal* 

Six- io cighl-wcek-old mak UAAF1, DBA/21. C57BU6, and A.SW mice 
wefts cihtoincc from The Jacks** Laboratory (Bar Harbor, ME) and 
bousul under lUmlard conation* both before arid after transplantation. 



The tallowing mAb* were u cd: m anti mouse 1^02* (PharMingen. San 
Diego, OA), rat aniUmou*e l«02^hor!ie radish peroaldase (PharMingen). 
FnClabeled gtVMt anti-mouse lad (Sigma Chemical Co.. Si. I^uia, 
MO), rat ami inoufcc CD4 an J rat ami -mouse CDS f PharMingen), biotin- 
yijtcd rabbit mti-rai inAh (Vcclor, Burtiiigame, CA), hamstei tali- 
raouw B7 I 16- if) Al (a ajfl of Dr. H. Reiser, Dana-Farbcr Cancer 
inatihue, itaien, MA), KIT' rabbit ami hamster IgG (Pierce, fcockford, 
It), ind mou^t tg(J2a (k) ind | R 03 (a) hybridoma protein* (CWl. 
WrM Chester, PA), *- \ rr* 

Celt linos 

The following cell lines wcic used: murine lgG2u'«creuj|g hybridoma 
U 6- 1 .VI (American Type < ullure Collection (ATCC), Rockville, MD) 4 
CHO-KI (ATCC), CHO cc'la transected with human FcyRI cONA (a 
gin of 1*. B. Seed. MasMC':une(tK General Hospital, Boston. MA), and 
CHO crll* tramifened with mouse B7-1 and CHO cutis traasfected with 
vectoi hKnm (flfli of Dr. H Relfter. Dana-F*rber Cancer Institute, Bos- 
ton. MA). 

Colt t ulturr 

t ell cutluic ^taenia, unless iittieiwisc »l*ted, Were obtained fnun Life 
Technologies Inc. (Grand Mand. NY), Cells were grown in compbie 
RPMI 164U. U„ RPMt supplemented with L-glutaminc, 10% heat-mac- 
livafrd FCH, 11) mM HfrW. 0.1 mM nonessential amino acids, 1 mM 
sodium pymva r; 5 X 10' ' M 2-ME (Sigma Chemical Co.); 100 U/ml 
penicillin, and 100 MK /ml Mieptoiny«Jn. CIIO-KI iunafectanta were 
maintained in I»MEM with ,VI» PCS. 100 U/ml puildllin. and 100 mg/ml 
KTreptcmycin Transected «ll Mnts w«re cultured in Lllrmcidlure (Bio- 
Whii^kei, WalkciNvjJIc, MO) aenjm-frce mrdla aupplcmented with 
i -glufominc, penicillin, and streptomycin. 

Phswid* 

The murine CTLA 4 cf>NA piasmid wg» a gencroui ajrt from 

Dr. P. Ool-neln, Centre dVnwnuno|*jgie, INSCRM-CNRS de Marseille 



Lum/ny, France (19). The eiiJfaryotlt- ciprmMm vrrinr k«-/CMV ( rt . 
vltrogcn San Diego, CA) was modified by deletion of ajj ehfee Hu»nU I 
Mt«aj»d ita unique Apul site. The PCR II vecUir fbivknjN.ii) ^ U v C j 
for TA cloning of cONA ampliHed by the PCR* 

Genetic constructs 

Total kNA wba milled, on a eedum chloride (Lile Pcrhmilogies Inc i 
gradient, from the muriw IgG2a «en5llDg hybridoma 116 -13. i and ih -n 
reve»< ilwM to tDNA ua)ng oligo^xT,, l(l (Pharmacia, Pi^.V 
away. NJ) primers and M*MLV rev C rae tranacriptMc (life TecKr,i^og« a, 
Inc.). Ttie region of the Fcy2j cDNA encoding the hinge. OI2, and CH3 
domains of the heavy chain w*e then ampliftcd by PCR uting oQaxmu- 
cieottdes designed to append unique JtomHI and Xtol reatnetum tifc^ 
anto the y and 3* ends of the Fcy2a cDNA ffagmcn; re^pecttvely. This 
cDNA PCR pr<Kluct w» dige&ted with BumUl ainl Xtot rcMikriin* w 
ayme» (New EngJind Biolaba, Beverly, MA) and &l puriMed in prviM- 
rftlinn for ligatM»n (sec below). 

A 5u\Vhp el)NA fragment of the murine CTLA-4 ol)NA (tiavn d 
F4 JF4, encoding the sequence for the leader and extracellular domain^ n( 
CTLA^, waa amplirlod by PCK uaing otigutiuvteotiiieN deK|gj\cd to ap- 
pend unique Nf>tl and BantlU restriction aitea onto the 5 and 3* end* of 
thi* cDNA. refcpectivcly. the cDNA Was then cloned into the PCR ;j 
vector, excised uaing Voft (New England Riolabtf) and BumWX rnairiciinn 
endtmuclcates. and geJ nirrified. Subsequently, the CrLA-4 cDNA, me 
previously prepared Pcy2a cDNA, and the cDNA of the modified RtV 
CMV vriior opened at the cloning Aitc with M^rl and Xlm\ ttsuhi\\m\ 
endonudeasca were mUed and ligatcd uatng T4 DNA tlgaw (Life Tech- 
nologies, inc.) The correct reading frame at tbe junction of the CTUV* 
fo Fc cDNA* wax confirmed by I>NA aequenring. 

PCX as«»t(d. Jute -directed mutageneai* of the R:y2a cassette wh 
uhed to render ihhi functional (a) the hiuH affinity FcyRI receptor bindnu 
Mtc by »ubltituting Giu for Uu 235 (20), and (b) the C'lq binding site 
hy «ub»titu(ing Glu 318, l,ys 320, t.ya 322 with Ala residue* (21). tlie 
cDNA mutation* were confirmed by DNA ae<|ucncing. Subsequent 
expression nf tkeae two C*ri-A-4.'Fc const rocU rettultft in rhurin: 
CTLA4/Fc rwtik>ft proteins with or without ADOC and CDC activity 
icxpceiively (i e. f lytic (L) or (NL) mCTLA4/Fc; Me XttuttsY 

mCTLA4/T c expression and purification 

To achieve stable expression, 20 MS of the murine CTLA4/Fc piasmiii 
crniHtmct WiW lineari/ed by ftul digeailort (New hngland Biolami) am; 
electfoporaicd into JO 7 CHO-KI calta. Tratwformed CHO-Kl celbs wcrv 
sclccteJ with I rag/ml 04 J 8 (Life Technologies Inc.) and subacqucntJ) 
cloned by limiting dilution. Established celt line* were then screened fo- 
mCTLA4/Tc production by an HMSA apecifle fot murine tgG2a. Higl 
producing clonr* wrr* ruJlured in atmnM'rce media for 12 days. .Super, 
natam was aizc (0,2 urn pore) filtered, and Tris, pH 8.0, wax added to t 
final concent raliim of 50 mM, and then paaaed over a prolein A-Se^iU' 
rone column (Pharmacia) equilibrated with 0.05 M Trift-buffcnid aaiinc 
pH g.O. and eluted With (3.(M M sodium citrate, pit 4.5. Eluted fractionf 
were immediately buffered t» a pH of 7.4 by addition of one -tenth mq\ of 
l M IVia, pH 8.0. Fractkma with greatest absorblnCe at IBM nm were ther 
pooled and dlalyxed againM PBS overnight at 4*C 

In vitrv charat tvrualiun of (L) and (NL) mCTLA4/fc 

Corfrmrto* ef #te< and Uotjp* xpetfoUy. Affinity purified proleint 
were characterized by Uemmcli gel dedrophoreut under reducing 
( ¥\WY\ and nonrtducmg i -U'lT) conditions. Af er transfer to a nylon 
membrane (IramobltorhP, Millipore, Bedford, MA) the prolein waa. I) 
vjavatized by Cttomaaue blue staining, and 2) analyzed by Wcaicrn blot 
to ennfirra the Ig02a iaotype specificity using a rat anti-mow* lgC2a aa 
the primary Ah, a biottnylstcd rabbit ami -rat mAb ai the secondary Ah, 
and vifiu&Jixed With aVidin-HPRO complex (Vector) ming 3'J'-diam|- 
nobenzldmc (DAB; Vector J for detection of enzyme auliviiy. 
Copflrmria* nf B7-i Miattof. QIO-BT-1 liansfcclcd cells (2.3 * 
20 ) were incubated with saturating concentrations (10 jig/ml) of ( L) \>t 
(Nt.) mCTLA4/Fc or 10 /4g/ml of mtgG?a (negative ct>nirt>l) at 4"<\ 
»**bti\ twice, and reincubalcd with a 1:12? dilution of FITC -conjugated 
gtuii anti-mouse lgd mAb. To confirm tttc B7-I aurfme ocpiession of Uu 
transfected CHO edit (posilive control), the cells were incubated with 
saturating concentradona (13U ^'ml) of hamster anli rM*JM B7-1 mAb 



01/17/2006 TUE 17:09 [TX/RX NO 6834] 0011 



JAN-17-06 05:34 PM 



P. 12 



(he Journj. of Immunology 



Mb? 



at <J C. wa*h< J twice, snc reincuhated with p \M diluted FJTC-rabbil 
anti-namstet Ab, Subsequr-Mly the cc»U were fixed la \% formaldehyde 
(Slgrna Chemical Co.) antl analyzed on a FA< Star"" (Bectofl Dicxin. 
son. Franklin Uktin, NJ), 

As„„m4Kt off cy*! bi*Ji»x. CHO-FcyRJ-iransfecied cells (2.5 X 
10 ) w*re wubaied with nturatinK concenrratiuiw (10 |*g7ml) of(L) m 
(NL) mCllwM/Fu ot 10 i-H/ml of mltfG2* (positive auitrol) ai 4°C, 
waAhcil twice, and reincuhiiied with a I; 125 dilution Of FiTC-coniugatcd 
goal ami.nxHise lj|G mAb Tells incubated wilh media alone, and then 
lfuur*<cd wifh a 1 . 12* dMu ion of rTTC*Cx>njugaie.d goal anti-mouse 1&G 
mAn served at & ttexaltve control. Subsequently cella w cr e Axed in 1% 
form.ddch>de and analyze* on a PACSlar p,m . 

CompUmeni^Urtttwd cytotoxicity may CI lO-B?-l-fransferted txilk 
(III") were Idxled with lr*) ^Ci *'Cf (Dupnnt MEN. Boston, MA), 
washed ihrte simcA, and diMribuled in a density of 10* cells/well in flat 
ballon microliter plulcs ft- 'lowed by a 45-min incubation with various 
diluti ma nt 11.) nr <*L) m<TLA4/Pc and rabbit low tox complement 
avdnrlane. Hornby, ( Jntan .. Canada) In a dilution of |:I0 at 37%\ The 
Or ttkii*cd Mn 100 jil r< the culture supernatant waa measured in a 
gamma cower (Packard, I 'owners Orove. tL). Maximum "Cl release 
w*» deieirninrd by disrupt on of "'Crlabeled targets through Nonldet 
P 40 lys*. The percent spivife lysis waa calculated according to the 
fornifki: 

% Sialic Ivmi * <c*|»riiH.'titaJ cpoi - background cpm)/ 

(Mill telcoae com - hackground cpm) X 1(M). 
All expert men a were perfrvmrd in triplicate. 

As ir ttmrnJ eff antiproliferative activity, L ) Con A act] ration of unfrac- 
[lonatrri spleef cells: BoAFI Spleen cells were prepared by mincing tbc 
spleen between two glitus slides. After washing. RBCs were lyted by 
exposure m tria ammonium chloride buffer for 5 min at room tempera- 
rare: the mixture waa then * whed Viability, determined by trypan blue 
(I ifc technologic*. Inc.) Mi ining, exceeded 90*. Following incubation 
with (I .) m(Tlw\4/Fc or control mlgG2a mAb in \ A aerial dilution for 
1 h, J x 10* gpjtfcn cells wc «c cultured in flat bottom 96- we I) microliter 
plates in Quadruplicate aainjitcs for 48 h in a final volume of 200 
Proliferation was animated by pulsing the culture* tor h h before termi- 
nation with I *iO/wel| pHlihymidinc (Duponl NEN), and ['Hfthymidme 
incorporation wax measure*: Ulibg a liquid scintillation counter (Beck 
mann \S 2«J0 Palo Alto, f'A). 2> MLC: i0 % DBA2/J (H%T*) respOndcr 
i'ell* wrrc prciricvtuted in atrial dhitions of (I.) mCTLA4/Fc (sec abuve) 
for t h ai 37°C in round hew mm 96 well miemtiter plates. Subsequently 
vfwfiiik'd (HIW tmi) C^7B -ft (H 2 K ) ^imulatw celU were added at a 
ratio of 2: 1, an.* the collate* were pulsed with I *iCi/wcll J'Hjthyniidriie 
and hxrvebted cm day 5, Th> cnidinc incorporation was reaasufod using a 
liquid scinlillatiim counter, l ot reuimulahnn aaanyi. MLCa were eatah- 
liifH-<f. bk abovtt, uamg 2 a \n 7 spleen cells at a I I responueratirauiator 
»«tio to a o- we. I culture pljir. Crlls were washed esrcmiivcly or day 7. 
ciilturifd for another 3 days n medium without mCT!-A4/Fc or mIgQ2a! 
and then restirt uUtcd with ii radiated C57R1/6 spleen cells. In some re- 
•Uunul iliiin oKivrimerita rll 2 (50 U/nil; Hoffmarm^U Roche, Nulley, 
NJ) waji added to MLCs containing cells previously exposed to 
mCn A4/t f c to detrrminc wlielber the cells were anergic Cultures were 
then p-il^d wit* 1 /iCi/well | Ml]th>midinc, and aifquuts were harvested 
daily t it day» I thrnugh 7. I >r lamination of (^H) thymidine incnraaratlon 
wji, menxured us above. 

htet ct>ll allograft presentment with (Nl) CTLA4/Fc 

Crude islet cell isolates wcr< harvested from DBA/2J mice by colltgc- 
naj*e digestiun .md Ftt*id! dt nuity gradient Separation u previously dc^ 
scribtn. 1 22| At>pro<tuut0)y W>r> to 400 Hcts per Uartspiani were incu- 
bated fot 1 h wi heither rnediii alone, control protein (mlg03; 10 ng/ml), 
or 10 M ^ml (NI.J m<TlA4'l V in RPMI ai 3T>C A iCk).^ pipette was 
rvenar«*t with a gel fonm p\u>> in the lip. The crude islet cell tircparatlon 
Amtau rd in o v.>/umc of 2aj t i\ (i.e.. 2 jjg of mIgG3 or (NL) CTLA4/Fc) 
<s then placet! into the pipette on (Op of the plug and palleted by centrif- 
tfgaiuw,. fisccsa media (ca. \->5 ^1) is removed to greatly diminish the 
carry over of unbound (Nl.) i TU\4/Fc Into the circulation of the KL-ip. 
lent A'i»»thf i gel fo^m plug was placad In the tip above the pelkl. The 
virtually M ilM pel (Ft of islets volume «S jal, ia Ihcn injected under the 
Irft rn>al eoriMilc of bViAF l reciphsnls rendered diabetic 7 daya previ- 
o..sly liy a ain r; le W m*'M i p. injeciion of atrapio/xiiocin (Sigm a 



Chemical Co.). Rccipienls received no systemic imm unosupptession. In 
another experimental group (h - 8), the gratis were not manipulated «x 
vivo; however, the recipients received a single 10'^ i.p. dose ol (Nl.) 
mCTl^4/Fc immediately post-transplantatloii. Orafl function was moi- 
itored by tail blond glucose nwamrc merrts using the Ghemttrip bO and 
Accu-Chek m blood glucose monitor system (Bochringer Mannheim, 
IndUnapoliB, IN). Post-tran^pbini» primary grsfl function way denned .« 
a blood pJucose level < 1 1 .1 mmol/l and subsequent graO failure defend 
by conAiatem blawl glucose levels >I6.5 mraoR The melhod of Uiulh 
field was used to determine atatiftticaliy stgniflcaOl diffcrencos in graft 
survival eurvw, i.e., p < 0.05 (23). 

To detect graft tolerance, animali with functioning grafli we« chal. 
lc«|ed > 150 days post transplantation with an i.p. in;ecii«n of 3 * Ml 7 
iaadialcd (3000 rad) donor adenocytes (^4). To determine whether lob 
crane* wmj! donor aJloAg-speoific, mice remaining euglyccmic after dV 
nor splenncyle challenge underwent unilateral nephrectomy to remove 
lh« ialct t^aft. Pnst-nophrCOtomy, the blood glucose level* were followed 
to document the occurrence of hyperglycemia aa a criterion tor graCt 
removal. These mice were Iben divided into two experimental groups and 
transplanted with either an islet graft from the original donor Strain 
(DBA/2/) or utlets from a third parly donor (A.SW). 

Immunohisrochemhtry 

The left kidney containing the islet cell graft of a tolerant animal (i.e .. the 
graR was AinciiOfliag day 200 rJOM-Uattptttnuliofl and day 50 post o\>m» 
spleen cell challenge) was removed and embedded in OCT compound 
(Miles, Elkhart, IN), Serial frozen sections were either fixed in cold ac- 
etone for immunocytuchemistry or fixed in methanol foi hematoxylin* 
eosin staining. Iramunohislology waa performed according to a protocol 
described by Bogen, Fogelmau, and Abbaa(25). Briefly. 0.3.^m xectioM 
were sequentially blocked with mouse serum, avid in, biotin; quenched 
with K 2 0 2 : and then Incubated witb rat anti-mouae CD4 or CDH mArn 
for 45 min in 0.05 M Tria buffer (pH 7.6) at room temperature. A» 
blading w«a detected with a blotinylsted rubbil anti-rai mAb and avldin- 
horseradish peroxidase Complex, using 3\ .V^jaminobertzkJine for detec- 
tion of enzyme activity. Negative controls were processed as above with 
the exclusion of the ptimtry Ab. Sections were counter a&tincd wiih 
methyl green (Sigma Chemical Co.). 

Results 

CriA-4. u counter receptor for the B7 family of protcinji. 
is expressed on activated T cells and binds with a 2(l-foJd 
greater affinity to B7-1 than CD28(8). Soluble hCllA4Ip 
effectively blocks the cognate interaction of B7 and cell- 
bound CD28 or CTLA-4 (8). We have constructed a sol- 
uble homodimeric fusion protein consisting of the extra- 
cellular segment of murine CTLA*4 and Ihe murine Fcy2a 
heavy chain. The cDNA sequence encoding the 5'-un- 
translated, leader and extracellular exons of mCTLA-4 
was ligated to the cDNA sequence encoding the hinge, 
CH2 f and CH3 of the ralgG2a heavy chain that bad pre 
vinusly been cloned into a modified eukaryotic expression 
vector Rc/CMV. The (L) eUtd (NL) mOLA4/Fc con- 
structs were expresjwd in CHO-K1 cells, and the proteins 
purified from serunvfree culture supernatant by passage 
over protein A-5epharosc columns. The protein A adher- 
ent fraction was applied to a SDS-poIyacrylamidc gel un- 
der reducing conditions <+DTO> and Coomassic blue 
staining ahowed a single protein band at the expected mn- 
lecular size of -55 IcDa (Fig. 1, tones a and b). The mu- 
rine lgG2a and mfgG3 control proteins migrated as two 
protein bands of 25 and 50 kDa, reflecting the k light chain 
and igG2a heavy chain (Fig. I, lanes c and J). Under 
nonrcducing conditions (-DTT), (L) f and (HL) mCTLA4/Fc 
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hy I armmrh £c»l clcclf |ihort»M« under rifiuring ( + U 1 I ) <ind nonrcduc mgi-DHU Onflltions: \ ) visu*di7i«d by f ftf>ma**ie hk r 
•aaioing f/.nu's .1 to h) i »r 2) st.iiruxl with r,tt anti mouse Ig(p2a bv Western blol to confirm ihc luCi2a itotyjjo. spot ihc Hy Ihnr*. 
i id /j. r| j CUA4/F1 . L>H*s .1, i*. ft (NL) < Tl.A4/Fv; /arte* /; iiiIk<U<i: /am-* < , if. mlRG /.im* </. h, /. Blrns were «c.inn* d 
usin« S< iinin II MiftwAin (Hewlett P.irkarrl, Greeley. COl 



run as a single bands with a molecular size of —110 kDa. 
cottsiMcnl with the formation of rwmodimers (Fig. I, hm<'s<> 
and j). The specific binding of a rat anti-mouse IgG2a mAh 
to m(.Tl AVIV (Fig. ■ . haws i and » confirmed the fcotype 
sr*vi (icily o! the Fc portion of the fusion proteins, 

T he cap>idly of (I > or (Nl.) mCTLA4/Fc to Main CHO 
cells transacted with the full length mouse B7-1 cDNA 
was analysed. These cells express high levels of mouse 
R7-I as assessed hv staining with anti-mB7-l mAb 
I (» - 10 A I and detect *on hy FACS analysis (Fig. 2, (hnu*l 
I)) CHO-B7-1 aiih were incubated with (L) or (NL) 
m(TLA4/Fc or conttol mJgG2u al saturating concentra- 
tions. H7-negalive C HO cells, transacted with vector 
alone, served as a negative control in the same experiment 
(Y%\. L/jcjw/i A. C. li O). IL) and (Nl.) roCTLA4/Fc hind 
to CHO B M cells, v demonstrated hy the *hitt in FAC S 
piolilvs (Fig, 2, fhifh Is F and //), whereas CHOmock 
cells were not hound hy (L) or (NL) mCTLA4/Fc (Fig. 2. 
pane Is L and (/). TIk isotypc control (mlg(j2u) did not 
hind lo either the CHi i-mnck or B7-I 4 CHO cells (Fig 2. 
/hj/jf/.v A and fl). 

The Fe portion of murine lgG2;» is hound hy Icuktvyics 
enpiessing the high urhmty FcyRI receptor (2o). There- 
fore, certain FcykJ ' leukocytes can effect ADCO against 
Ah hound cells. Furhermore, the murine lg(J2a isotypc 
efficiently hinds C'h| lo initiate <TX' against Ah-hound 
cells (2ft). Tn block cost i mui at ion rut her than targeting 
CTLA4'Fvl.Hiujid eel's for lysis, we mutated the high af- 
finity FcyRI binding site and the ("lq binding site of 
FeyZa to rrrcalc 9 m<TLA4/Fc fusion protein that will 
hind (o ihc B7 family of proteins hut bo devoid of ADCO 
nr CDC activity ((Nl > mCTLA4/Fc). 

The FcyKI binding she on Ft % 72a is located in the CI 12 
domain of the Fe fragment. Following the report by Dun- 
can el al (20). Ii*u .MS was mutated to filu hy PCK- 
assisted, site direcieo mutugenesis. To determine whether 
the single itmirui acid mutation diminished the high aflhtity 
Feykl rcL*:ptor Wnd«t)|! function of mCTLA4/Fc, we as- 




(0 1 JO * 10' 10 

loglO fluorescence 



to 1 to* JO- lt» 4 

loielOilunitscence 



FIGURE 2. Confirmation oi B7-1 binding by (L) and <vu 
inCTLA4/F^. CHO tells iMitsfut.ti-cl with vcUoi oluuc 
[pwls A, C. F, and C) or CMf^l^^lMnimfcr-iwI colls O. > x 
KPl wore inc ubated with 10 >i^ mJ f>l m'^ClA (nogaiivo 
tootml; fM/iW* A and ft), 100 m^iI of an anti B7 t m,\h 
((Xisili^t* tontfol; fMftet> C." and Pi. 10 "> mt-i inCTLA4yf\ 
(jwwU T and t), rv la Mft^nW i>f tNJI \ mCT| AAfii ijwhiy 
C* and /». 
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sesscd the binding act ivllies of (NL) and (I.) rnCll A4/FC 
tn CHO Ft; y Retranslated cells by FACS analysis. (L) 
CTIA4/Fc i.e., carrying the wild-type Fcy2a sequence, 
reaoily bound to CHO-FcvRI-transfecicd cells (Fig. 3, 
panvt B* Of*n profile) In contrast, the (NL) mCTLA4/Fc, 
carrying th<! mutated * cy2a sequence* exhibited a dramatic 
reduction in hinding ♦ CH0-Fc7RJ-tran.sfcctcd cells (Fig. 
3, panel B } solid profile). Murine Ig02a, which hound tn 
FcyRl* taiget cells ij: a similar manner as (L) mCTLA4/ 
Fc, served as a posi ivc control (Fig. 3, panel A, open 
profile). 

We not studied the capacity of (L) or (NL) 
mC;rLA4/Fc proteins io direct complement-dependent ly- 
sis of B7- * target cells. In addition 10 the single amino 
acid mutation (Leu 2/-* to Gin) in the 0H2 Fcy2a domain 
of the (NL) molecule, three closely adjacent amino acids at 
position* Glu 318, Ly s 320 f and Lys 322 were replaced by 
alanine residues in t r »e (NL) CTLA4/FC molecule. Ulu 
318. Lys 3;!0, and Ly< 322 arc highly conserved through- 
out die evoi ution of IjK is, and mutations to alanine at these 
siteM are known to reduce C'lq binding by 100-fold (21). 
CHO-B7-1 transfectttrits were labeled with M Cr and JnCU- 
bared with (L) mCTL44/fe. (NL) mCTLA4/Fe, mlgG2a, 
or mlgOJ (negative controls) and a 1:10 dilution of rabbit 
low tox complement. After 45 min f ly*fa of CHO-B7-1 
cells was as-scssed by quantitation of the M Cr released into 
the supernatant, In thr presence of C + (L) mCTLA4/Fc, 
20 to 21% specific ly:iis of CHO-B7-1 cells was detected 
(Fig. 4), The presence of C + (NL) mCTLA4/Fc induced 
only a \% specific lys s of CHO-B7-1 cells (Fig. 4), Com- 
plement alone, or n%G2a t C' f or mIgG3 +■ C\ was 
ineffective in directing B7-1 1 target cell lysis (Fig. 4). 

To aaccnain whether the mCTLA4/Fc fusion molecule 
is aHJe to block murin T cell activation, we examined the 
effect of OTl,A4,'Fc ii> two in vitro systems of T cell ac- 
tivation. First, the in vitro immunosuppressive potential of 
mCTLA4/Fc was lusted in a Con A-drjven proliferation 
system in which API s provide important costimutatory 
signals (27), The blockade of B7 sites with (L) mCTLA4/Fc 
(Fig. 5. panel A), (NL] mCTLA4/Fc (data not shown), but 
not mnfritf !gG2a, proioins produced a rtosc-dependenl anti- 
proliferative effect. Next, we tested the effect of (L) 
mCH,A4/Fi: on allogci icic MLCs. Proliferation, as estimated 
hy | H|thymidinc incoiporation on day 5 of culture, was 
markedly inhibited by (I ,) mCTLA4/Fc (Fig. 5, panel B). On 
a per dosr basis, the MLR was more sensitive to the inhibi- 
tory effecrs of mCVUk l/Fc than Con A cultures. 

Previous studies have shown that interference with the 
CD28 pathway during r ocll priming results in Ag-specific 
hyporespansiveness uj>on secondary restimulaUon (15). 
To test whi ther mCT I A4/Fc exerts similar long lasting 
effects on secondary murine T cell responses, DBA2/J 
(H-2' J ) spleen cells were cultured with irradiated C57B1/6 
(H-2") splern cells fof 7 days in medium containing 10 
u.g/m1 mCiTA4/Fe or control mfgG2a. Cell* were then 
washed to remove Cl IA4/Fc or IgG and rested for an 



1169 



400 i 
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FIGUfct* 3, (Li but not (NL) mCT»_A4/Fc binds the high af- 
finity hcykl A, CHO-rcyKI-tranifected cells (2.5 x 10) 
were incubated with 10 /ig/ml of mlgC2a (positive contra, 
open profile) or media alone (negative control, *olid profile . 
5, CHQ-F<:yRMrdnsfected cells were incuoated with 10 
/tg/ml of (I ) mCTt A4/Fc (op*n profile) or iNL) mCTLA4/Tc 
(solid profile). 



additional 3 days in fresh medium before rcstimuiation 
with original (H-2 1 *) stimulator spleen cells in the absence 
of mCTLA4/Fc. Cells primed in the presence of control 
IgG2a proliferated in a second set fashion upon rcslirnu* 
lation with the original stimulator cells and reached max- 
imum [ 3 H]TdR incorporation on days 2 to 3 (Fig. 6, panel 
A). In contrast, responder cells (DBA/2J) primed in the 
presence of mCTLA4/Fc did not proliferate in response to 
reconfrontation with the original C57BI/6 strain stimulator 
cells (lc., proliferation did not exceed 10% of the maximum 
proliferation of the positive control culture* at any time puirr, ) 
unless rlL-2 was added to the system (Fig. 6, p<mei B). 

As documented by Ootoh ct al., crude islet preparations 
contain islets, vascular tissue, ductal fragments, and lymph 
node* (c». 30 to 40 lymph nodes; por graft preparation) 
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net RC 4, (I.) but no- NLi r?»C 1 LA4/TY lyses cells exprcwi- 
i/iKbV i 010 87 Mr.irifcfaiccl cells < Libeled with 100 
M< i '( rwiqiMncHib.ilt«lwi!. | iv.irKiuHninc-ivitr«!iiivi*of(LUir 
•Nl ) ;nCn A I/It .ind r.» ! *bil low tox complement (see M«e- 
.vui Milxnfa. CV-.'Iji iruulMlc.il with rnlKG2,i I C. 
mlgCn 4 C or <- (>J |oi soivctl to define nonspecific lysis. 



I J2). Indeed wc have tr-vd the same methods of islet prep- 
arole n iirul the same sKiin combinations as studied in Ihc 
report of Oo'oh cl a). (;: '). In considering the forgoing, we 
hypothesized lhal (Nl.= mCTl.A4/Fc could he incubated 
with islet gnfts in vl|i.», More. transplantation, rn block 
l<7-nicdiutcd cottimulauott hy donor tissues in the belief 
thai lymph node cells ather than islet ceils provide B 7 
mediated cosiimulaturv signals. All islet grafts (n ~ 24) 
prcttcaled with (NL) imCTIA4/Fc demonstrated primary 
gran tuneiio.j by day U post»tninspJnu(tition. Of these. IU 
< \T!f > wnil on to lung- crm engraftmcnt (i.e.. > 150 days) 
(Hg. 7), hi LimlroJ experiments, islets were precultured 
wilh mlgO.l Murine fcrtf proteins do noi engage murine 
K'yKI ajul weakly uctK :lc C compared with mlgG2a iso- 
lypc* (28). Moreover, gC, Igs only effect efficient CDC 
activity jn n rniiftiuicrk compfe* whereas monomeric TgO 
ean hind IcRs (26). herefore, a monoclonal mlgG.T. 
which oWs n.M hind H7. was chosen as a control ligand for 
the (NL) nrfTLM/Pc Msion protein. All of IgG3 treated 
islet grans (>i - y) demonstrated primary graft function, 
and wc-e acutely rejected (Fig. 7). Islets that were 
cultured in medium alo >. </i n» showed primary funo 
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Pitttdn C'tmm ration tutf/tnl} 
HCUKfc 5. mC. I LA4/lr inhibits ihe proliferation of unlr.ii.- 
tioiwled spleen cells culture*. /I, Con A stimulated UbAH 
spleen cells were intubated with v.irying concentrations of 
tl) mC:T|.A4/Fc. control mlgG2«t mAfo. or media alone, ft In 
A MU . aliquot* of L>BA^/| (H-Jt l1 ) resjxmdor cells MO' 1 cells/ 
welll preim.ulwted with serial dilutions cif ttJ mC1LA<1/>c. 
were stimulated with irradiated [MM) wd) ( 57IJI/MM-2") 
spleen cells (2 < \0' t.e'lsAvellJ and /urvested on d.iy 5 oi 
c ulture, 



tion and were acutely rejected by day 44 (Fig. 7). Hence, 
the sht>rl incubation period of I h of islet ^raft pretreat- 
riienl did mil lead to significant cngrafliuem unless (NL) 
CTIA4/FC was present. Moreover, HWo oi islet g/urts 
placed into recipients treated with a single 50-jxg i,p u\)st 
of (Nl.) CTLA4/Fc immediately pt>st -transplant were re- 
jected. I lence, the effect of es vivo coating of the islet graft 
with (NL) CTI.A4/FC was not likely because of a carry 
over of (NL) CTLA4/Fc into the circulation of the recip- 
ient, insofar as the (Nl ) W\ .A4/Kc-coarcd crude islet cell 
preparation could at most bear 2 /xg of (NL) CTLA4/Fc. 
Indeed, it is likely that even less (NL) riLA4/Fc was 
bound to the crude islet cell preparations. 

To determine whether graft tolerance was achieved 
through coaling of donor tissue wiTh (NL) CTLA4/J«c, 
hosts bearing long-tenn functioning isk-1 grafrs (i.e., > 150 
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D*yi Port RtfUmeUttoa 
FIGURE fc, mCTLM/Fc induce* hyporesponsiveness upon 
TObtimubt'on of an MLC with donor Ah. A t MLCs were es- 
tablished using 2 x r . > 7 *p|r**n cells at a 1:1 responder ^mu- 
tator r alio in 6 -well c< ilture plates in the presence of 1 0 ugAnl 
mCrLA4/1 : c or mlgCIa. Cells were washed extensively on 
d»iy ?, cultured for another 3 day* in medium without 
niC N.A4/TC or mlgCi:'.!, and then restimulated with irradiated 
sploim cells Aliquots were harvested daily on day* 
I ihrouRh 7. B t Hy^ -rosponsive cells were cultured with or 
without (he addition of ML 2 (50 U/rnl) during restimulation 
with irradiated C57fil'6 spleen cells. 



days) were challenged with 5 X IfJ 7 irradiated donor 
spleen cells; donor Milcen cells have been previously doc- 
umented to provide « very strong donor Ag challenge (24). 
Interestingly, 50% j S of L0) of these recipients failed to 
reject I heir grafts. To test for the presence of donor-spe- 
cific tolerance, foi.r mice remaining euglycemic after 
spleen cell challujiK 1 underwent unilateral nephredomy to 
remove Wic islet gn»ft. AH nephrcctornized mice (4 of 4) 
developed hyperglycemia, indicating that euglycemia had 
huen dependent on rhc presence of the graft and not en- 
dogenous insulin secretion. The two mice receiving third 
patty islcl grafts (A SW, 11-2") and the two mice receiving 
original donor strain islet grafts (DBA/2J. H-2*) normal- 
iml their blood sugars, indicating primary graft function. 
Whflc recipients ol DRA/2J strain grafts continued to 
maintain euglycemiii >9Q days post-transplant, the recip- 
ients of tl rrtl parly gi «tfts became hyperglycemic on day 1 2 
post- 1 run* plant 




Vo ft 75 ^"Tlo 
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FIGURE 7. Islet cell allograft prelreatment with (M) 
CTLA4/Fc prolongs engraftmcnt. Crud« islet cell isolate* har- 
vested from DBA/2J mice were Incubated tor 1 h before the 
implantation with either media alone fcroup J, n - 10), 10 
ug/ml mlg<i.3 (group il ( r> 9), or 10 wt/ntl (Nil iiiCTIA4/Fc 
(group III. n = 24). Croup IV, n = 8 wa* trf ;*ted with a sinjjli> 
i.p. dose of 50 u,g (Kit) mCTLA4/fc on the day ol transplan- 
tation. The significance level of graft survival bctw^n the 
four groups are: p < 0.05 for I, II, or IV v* 111. p > 0.05 for \ vs 
II or IV, and II vs IV. 



Histologic analysis of islet cell allografts harvested from 
tolerant animals (ix., >day 150 post-transplantation and 
>tfay 50 post donor spleen cell challenge) demonstrated a 
dense mononuclear cell infiltrate surrounding, but not invad- 
ing, the islets (Fig, 8). The majority of these cells were CP4 * 
cells; a significant number of CDS* cells (approximately 
30% the level of CD4 f cells) were also detected. 

Discussion 

To aid the study of the biologic rale of the murine H7- 
CD2S costimulatory pathway! we have designed, ex- 
pressed, and purified soluble murine CTLA4/Fcv2a fusion 
molecules (Fig. 1). Recently. Finck, Linsjey, and Wofsy 
have also developed a murine CTLA4/rVv2a fusion pro- 
tein (20). Compared with human-hascd fusion proteins, 
the murine fusion molecule should be less immunogenic in 
murine models. These mCT1A4/Fc fusion molecules, ns 
expected, bind to the murine B7 proteins (Fig. 2). Indeed, 
mCTLA4/Fc is a potent Inhibitor of in vitro T cell re- 
sponses. In primary murine MLC or Con A-stimulatcd 
spleen cell culture*, mCTLA4/Fc blocks the proliferative 
response by 85 to 95% (Fig. 5). That the action of 
mCTLA4/Fc was* in fact, mediated hy blocking CD28 sig- 
nal transduction father than blocking APC/T eel) adhesion 
is supported by the fact that addition of Con A still results 
in typical cell clustering after incubation of spleen oil Is 
with mCTLA4/Fc (our unpublished observation). As noted 
with hCTLA4lg (15) in a human MLC system* respondcr 
celts from a primary murine MI.C containing mCTLA4/Fc 
were hyporesponstve upon rcstimulation to the same stim- 
ulator cells in a secondary MLC lacking rnCTLA4/Fc un- 
less rlL-2 way added to the system (Fig. 6). Thus, both 
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mCn.A4/h: and hC/LA4Ig inhibit T cell activation in 
vitro and can cause d» nor Ag hyporcspomiivcneiu*. 

S)slvmic administration of hCTLA4lg to mouse recip- 
ient* of human islet 1 ell xenograft* (16) or cardiac al- 
lograft* ( IH\ hits been reported in promote graft tolerance, 
whereas h( f n.A4|g gjx Vn to rat recipients of cardiac ah 
grafts prolonged en^raftment (17). In our studies we 
have used m(TLA4/FV to treat islet cell allografts cx vivo 
before cng^fimcnl to lest the hypothesis that blockade of 
( U2H/CI i.A-4 costimulatory signals initiated by B7 1 do- 
m>i cells. could prevent rejection without application of 
ft)*fcroic imiimnosuppr jsuion. Our aim was to foster direct 
recognition of graft all.^g in the absence of B7-mcdiatcd 
awhmulatio,). anticipating that this might lead to a long 
lived anergic .state (3. I S) and /or apoptosis (14) of alloAfi- 
spec i Hi f 1 cells 



The Fc portion of an Jg, especially the human IgGl ant) 
murine IgGZa isolype.*, can facilitate ADCC and CDC in 
vivo (26). Thus, in theory a mCTLA4/Fcy2a fusion pro 
tcin could lysc B7* donor cell*, thereby precluding *]• 
loantigen recognition by host T cells in the absence of 
B7-mediatcd cost imulat ion. Therefore, in order to test our 
hypothesis, wc used a mutated mCTLA4/Fc that proved tu 
be virtually devoid of the capacity to engage high affinity 
FcyRI receptors (Fig. 3) or activate C (Fig. 4). To Cicarc 
a fusion protein that Ucks potent Af>CC or CIX: activity, 
wc introduced mutations in the Fcv2a domain of 
mCn..A4/Fc by silc-directed mutagenesis. These muta- 
(km rendered the resultant (NL) rr»CTLA4/Fc fusion pro- 
tein unable to initiate CDC activity and markedly reduced 
its capacity to bind FcyR! -expressing CHO cells. Both the 
(I-) and (Nl.) forms of mCTI.A4/Fc were equally effective 
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in blocking 'I cell prolif . ration to mitogens in vitro. Thus, 
the (NL) mCTLA4/Fc should competitively block B7 -me- 
diated cost imulat inn without lysing B7 1 donor cells. 

lnti restingly. we found that incubation of fresh islet cell 
prcpuiaiiotia with the (NL) mCTLA4/Fc protein for 1 h 
he fore implaitution led to a significant incidence of pro- 
longed engraftmcut ((NL) CTLA4/FC mean survival time 
(MS I) « 37 days vs media control MST 21 days or 
lgG3 MST - 24 days). Indeed, all (NL) roOTLA4/Fc- 
Ciialeci islet allografts (h 24) demonstrated primary graft 
function, an J 42% of (hose grafts functioned for more than 
150 day* (Fig. 7). Furthermore. 50% of those hosts that 
demonslratec permanent allograft acceptance were toler- 
ant as ev icier ced by a failure to reject the islet grafts fol- 
lowing a donor spleen nrll challenge. Moreover, this state 
of tolerance was donoi specific as evidenced by the rejec- 
tion of third party graf * and the acceptance of a second 
original donor strain ciaH. Recipient rcccivinc media- 



coated ( 1 0 of 10) or IgG l<oated (8 of 9) allografts acutely 
rejected theii islet grafts as expected. Eighty-eight percent 
(7 of H) of recipients trotted with a single 50- i.p. dose 
of (NL) CTLA4/Fc acui-jly rejected their allografts with a 
tempo similar to the co'-lrol groups (Fig. 7), This dose of 
CTLA4/Fc far exceed* the amount that could have been 
released from the coattri islet graft preparation (sec Ma- 
terials iwtl Methods)*, the graft -protecting effect of the cx 
vivo trcatme.il cnuld nut be simply arise from carry over 
of (NL) CTi.A4/Fc into the circulation of the host. 

Why did flu? pret rent merit profi*.**.?! nor achieve a hi*hci* 

degree of permanent ci )>raftrocnt? There are several pos- 
sibilities. FirM, B7 proteins may have been up- regulated 
post-transplantation, letting to an incomplete 87 blockade 
(22, 30, 31 ). Second, whereas it has been shown that B7- 
media red i oMimulation represents a crucial pathway of T 
cell activation, it is possible that other costimulatory li- 
gamls can initiate T u II activation and rejection (32). 
. Third, the extent to whkh recipient T cells are stimulated 
bv atloAg presented in association with MHC proteins on 
donor APCs [direct pathway) vs host APCs (indirect path- 
way) is controversial (33). The fact that blockade of 
B7-m.?<liat<td coslimuta «on by (Nl.) mCTLA4/Fc in our 
model leads to prolorujod engraft men t, and a significant 
incidence of permanent engraftment and tolerance, infers 
an important roU: few th> direct pathway of Ag recognition 
in the /ejection of islet allografts. 

A recent aitempt to p- -treat murine cardiac donors with 
hCTLA4lg tailisd to pi.imote the survival of allogeneic 
cardiac transplants (18) This failure may be because of 
differences in the therapeutic ligand (i.e., mouse vs human 
CTLA4Ig), or the mod* I system (islet vs cardiac grafts). 
Murine CTL<\4/Fc pro. tweed by Bristol Myers or (NL) 
mCm..A4/Fc described <n this report binds to B7* mouse 
cells with a log fold higher Affinity than hCTLA4lg ((34) 
and A. Sharps unpublished observations). As such the dif- 
fering results nia ,y per .tin to the greater efficiency of 
mCTLA4/Fc vs hCTLA lift m blocking B7-raedialed co~ 



stimulation in murine models. With regard to the model*, 
there arc two issues to consider. First, owing to the pres* 
ence of lymph nodes in crude islet cell preparations (22), 
there is a greater abundance of lymph node-dr.rivcd DCs in 
crude islets compared with cardiac allografts. Mature DC< 
present in lymphoid (issues express far higher levels of 117 
proteins than expressed upon immature tissue DCs (30). 
As such it is possible that pretreatmcnl of donor heart 
grafts will coat far fewer B7 proteins (on DC in the inter- 
slitium) compared with similar treatment of crude islet 
grafts (13, 30). To further clarify this point, studies arc 
now underway in a murine heart allograft model to toM 
the utility of pretrcatmcnt of heart donors with (NH 
mCTLA4/Fc. 

Second, cardiac, but not islet allografts, are directly vas- 
cularized. As a consequence, host APCs have much earl it i 
access to cardiac compared with islet allografts. Hencr, 
indirect presentation of alloAg, through the migration of 



r 



host APCs into the graft, may be far more important in 
cardiac as compared with nonvascular islet allografts. As 
a corollary , islet allograft rejection may be more depen- 
dent upon direct alJoAg presentation by donor APCs. 
Thus, strategies directed primarily at disarming effective 
costimulation mediated by donor APCs may be more suc- 
cessful at abrogating rejection in islet allografts than sim- 
ilar attempts in the cardiac allograft model. In support cf 
the contention that nonislet cell elements (i.e., lymphoid 
tissue) arc primarily responsible for the immunogenic^ 

of i«]i_'f A.1IO£r*ftM, lr*rt-ap)antnt ion of pur»fi<»r4 t^let coif 

preparations (e.g., handpicked or cultured) leads to per- 
manent engroftment (22, 35). 

Pretrcatmcnt of islet grafts with (NL) mCTLA4/Fc docs 
not eliminate cellular responses to the allograft. Immune- 
histologic examination of long-term f unci toning grafts 
demonstrates the persistence of cellular responses to the 
grafted tissue (Fig. 8). a finding that we and others have 
previously documented (3fi, 37). The prominent mononu- 
clear cell response tends to encircle but not aggressively 
infiltrate the islet tissue. Aggressive infiltration, leading to 
islet cell destruction, is a typical feature of rejection (3£)> 
CD4 * cells constitute the major cell population that sur- 
rounds the islets, whereas CDS" cells are only found in a 
low frequency. 

In summary, mCTLA4/Fc proved to be a potent inhib- 
itor of T cell response* io lectin and alloAg in vitro in tho 
mouse system. Our ability to achieve a significant degree 
of permanent engrafunent t using (NL) mCTLA4/Fc u» 
coat B7 + cells before transplantation, supports the notion 
that B7-mediatcd costimulation by donor cells is a key 
triggering event in eliciting allograft rejection. Moreover, 
long-term cngraftmcnt was often achieved in the absence 
of systemic immunosuppression. This strategy should 
leave the host immune system intact to respond to other 
Ags presented upon hosr B7 * APCs. Finally, it may be of 
benefit to block B7-medtatcd costimulation through the 
use of nonlytic CTLA-4 ligands rather than target B7 ' 
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doimr uelh for lysis, because exposure of recipient T cells 
to donor aifoAg in the absence of costiraulation might lead 
to ancigy or apoptosK of Mom alioAg-specific T cells. This 
hypothesis is currently being tested in our laboratory. In 
conclusion, although prctrtatmcnt strategics to date have 
nof proved aufflciem 10 induce tolerance in kidney or other 
primarily vascularize,! grafts, blocking the function of inv 
porunt coslimulatory ligands like B7 ex vivo, before 
triinspluntation, mighi prove to be a useful adjunctive ther- 
apy in difical iransjilanlation. This tactic may limit the 
magnitude of ftyatemic immunosuppression required to 
achieve en^rattment. 
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ABSTRACT Linker length and composition were varied 
in libraries of single-chain Arc repressor, resulting in proteins 
with effective concentrations ranging over six orders of mag- 
nitude (10 jtM-10 M). Linkers of 11 residues or more were 
required for biological activity. Equilibrium stability varied 
substantially with linker length, reaching a maximum for 
glycine-rich linkers containing 19 residues. The effects of 
linker length on equilibrium stability arise from significant 
and sometimes opposing changes in folding and unfolding 
kinetics. By fixing the linker length at 19 residues and varying 
the ratio of Ala/Giy or Ser/GIy in a 16-residue-randomized 
region, the effects of linker flexibility were examined. In these 
libraries, composition rather than sequence appears to deter- 
mine stability. Maximum stability in the Ala/Gly library was 
observed for a protein containing 11 alanines and five glycines 
in the randomized region of the linker. In the Ser/GIy library, 
the most stable protein had seven serines and nine glycines in 
this region. Analysis of folding and unfolding rates suggests 
that alanine acts largely by accelerating folding, whereas 
serine acts predominantly to slow unfolding. These results 
demonstrate an important role for linker design in determin- 
ing the stability and folding kinetics of single-chain proteins 
and suggest strategies for optimizing these parameters. 



The construction of single-chain or hybrid proteins is a po- 
tentially powerful method for generating proteins with novel 
functions and improved properties (1-11). A critical element 
in such efforts is the design of the peptide linkers that serve to 
connect different protein domains or subunits. Designed link- 
ers are usually glycine-based peptides with lengths calculated 
to span the minimum distance between the C terminus of one 
subunit or domain and the N terminus of the next How 
important is linker design in determining the properties of 
single-chain proteins? Alterations in linker regions have been 
found to atject the stability, oligomeric state, proteolytic 
resistance, and solubility of single-chain proteins (12-23), but 
few systematic investigations of these relationships have been 
reported. Here, we test the effects of linker design on the 
stability,, protein folding kinetics, and biological activity of 
single-chain Arc repressor. Wild-type Arc is a dimer with 
identical subunits, and Arc- LI -Arc is a single-chain variant 
with a 15-residue linker connecting the subunits (see Fig. 1). 
The LI linker of Arc-Ll-Arc holds the subunits at an effective 
concentration (C e fr) of 3 mM. By varying linker length and 
composition, we have isolated single-chain variants with ef- 
fective subunit concentrations ranging from 10 /iM to 10 M, 
corresponding to changes in the free energy of unfolding 
(AG U ) from 3 to 11 kcal/moL These differences in stability 
arise from changes in the folding and unfolding rates, suggest- 
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ing that linker design can affect protein stability by altering the 
free energies of both the native and denatured states. 

MATERIALS AND METHODS 

Cassettes coding for glycine-rich linkers ranging from 3 to 59 
residues (Fig. 3A) were synthesized using an Applied Biosys- 
tems 38 1A DNA synthesizer and were purified as described 
(9). A precursor plasmid (pLA3), constructed to facilitate 
subcloning of linker library cassettes, contains tandem arc 
genes connected by a GGT ACC GGT adapter, which encodes 
Gly-Thr-Gly and contains unique Kpn\ and Agel restriction 
sites. Cassette libraries coding for 19-residue linkers with 
different amounts of Gly or Ala were constructed by synthe- 
sizing an oligonucleotide, which formed a hairpin: 

AAA 

5 ' - ACACCTTGAGGTAGCCGA (GSA) 15 GGTACCTAACAGGCG A 

3'- CCATGGATTGTCCGC A 
AAA 

The underlined sequences are Kpnl sites. S represents a 
mixture of G and C, and thus, the GSA codons encode either 
glycine (GGA) or alanine (GCA). Three otherwise identical 
oligonucleotides with different G/C ratios at the randomized 
positions (1:1; 3:1; 1:3) were synthesized to facilitate identifi- 
cation of a wide range of compositions. A cassette library 
encoding random combinations of glycine (GGT) and serine 
(AGT) was constructed in the same manner. Second strand 
synthesis wascarried out using Sequenase v.2.0 (United States 
Biochemical) for 2 h at 37°C in Sequenase buffer containing 
1 mM dNTPs. Cassettes were digested with Kpnl and ligated 
to the Kpnl backbone of pLA3. Following transformation into 
Escherichia coli strain HB101, colonies were picked randomly 
and the appropriate region of the single-chain arc gene was 
sequenced using the dideoxy method. Plasmid DNA encoding 
in-frame constructs were transformed into£. coli strain UA2F 
for assays of activity in vivo (24) and into E. coli X90-AO cells 
for protein expression. 

All single-chain Arc proteins contained a (His)<» tail to 
facilitate purification using Ni-nitrilotriacetic acid chromatog- 
raphy. Protein purification, fluorescence and circular, dichro- 
ism (CD) spectroscopy, analytical ultracentrifugation, and gel 
mobility-shift assays were performed as described (9, 25). 
Protein stability was assayed by urea denaturation by following 
changes in intrinsic tryptophan fluorescence inteasity at 337 
nm or CD ellipticity at 234 nm. For these experiments, the 
protein concentration was 10 /*M in buffer containing 50 mM 
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Fig. 1. (^4) Tandem copies of the arc gene connected by DNA 
encoding a linker region comprise the gene for single-chain Arc 
repressor. (£) One model of how a linker might connect the two 
subunits (colored gray and white) of single-chain Arc. The positions of 
the N and C termini are indicated. Prepared using molscript(34) and 
coordinates of wild-type Arc (33). 

Tris-HCl (pH 7.5 at 25°C), 250 mM KQ, and 0.1 mM EDTA 
(26). Values of AG U and m were obtained by fitting denatur- 
ation data to a two-state model by nonlinear least squares 
methods (26). Effective concentrations were calculated by 
using the equation C eff = exp[(m2*AG l /m l -AG 2 )/RT], where 
mi and AGi are values for the single-chain protein, and m 2 and 
AG2 are values for wild-type Arc (1.48 kcal/mol* M and 10.3 
kcal/mol, respectively) (26). Stopped-f low kinetic experiments 
of protein folding and unfolding were monitored by changes in 
fluorescence at protein concentrations between 1 and 10 jiM 
in the buffer used for stability measurements (26). Unfolding 
was initiated by urea-jump experiments (muting ratio : l:10)jo_ 
yield a final urea concentration of 7 or 9.1 M. Refolding was 
initiated by mixing protein denatured in 6.0-9.6 M urea with 
low urea buffer (1:5 ratio) to yield final urea concentrations 
between 1.0 and 4.5 M. Rate constants were obtained by fitting 
the kinetic data to single exponentials. In all cases, the 
residuals of the fits were distributed randomly. For ease of 
comparison among each library of variants, rates were either 
measured at a single urea concentration or measured at a series 
of urea concentrations and extrapolated to this reference 
concentration by using linear regression of ln(fc) vs. [urea] plots 
(R>0.99). 

RESULTS 

Variation of Linker Length. A library of single-chain arc 
genes with linkers composed of Gly, Ser, and Thr and lengths 
varying from 3 to 59 aa was constructed (Fig. 3A). The fraction 
of Gly in different linkers ranges from 66 to 80%. The linkers 
and corresponding proteins are named LLX and Arc-LLX-Arc 
(Length Library, X = number of residues), respectively. No 
intracellular expression of the Arc-LL8-Arc protein was de- 
tected. Arc-LL3-Arc expressed to high levels but monomers, 
dinners, and higher-order oligomers were observed following 
SDS electrophoresis and Western analysis. This behavior may 
indicate "cross-folding" as has been observed with single-chain 
antibodies that have very short linkers (27, 28). The remaining 
13 proteins in this library were all expressed at high levels and 
eiectrophoresed as monomers. The Arc-LLX-Arc variants 
were tested for repression of transcription of theP aol promoter 
in £1 coli strain UA2F, using resistance to streptomycin as an 
assay of biological activity (24). Arc-LLX-Arc proteins with 



linkers containing 13 or more residues had wild-type activities. 
Arc-LLl 1-Arc was partially active; single-chain molecules with 
the LL3, LL8, and LL9 linkers were inactive. Modeling studies 
show that connecting the Arc subunits with linkers shorter than 
13 residues would either require the linker to cross the 
DNA-binding surface of the protein and/or require distortion 
of the structure. 

Single-chain Arcs with linkers LL9-LL59 were purified for 
biophysical characterization. All of these single-chain proteins 
had CD and fluorescence spectra similar to wild-type Arc. 
Arc-LLl 1-Arc, Arc-LLl 9-Arc, and Arc-LL3 1-Arc were ana- 
lyzed by analytical ultracentrifugation and found to be mono- 
meric at concentrations between 10 and 100 jaM (data not 
shown). Proteins containing the three longest linkers (LL47. 
LL51, and LL59) tended to precipitate at concentrations > 100 
jtM, possibly because of aggregation caused by cross-folding of 
the Arc subunits. 

The thermodynamic stabilities of Arc-LLX-Arc proteins 
with linkers from 9 to 57 residues were determined by urea 
denaturation studies, revealing that the 19-residue linker pro- 
vides maximal stability. As shown in Fig! 2 for a subset of these 
proteins, there are large changes in the concentration of urea 
required for denaturation of proteins with different linker 
lengths, but the curves are roughly parallel indicating that the 
denaturant m-values (variation of AG U with urea) are similar. 
Fig. 3B shows the variations of AG U and C c u with linker length. 
For linkers from 9 to 19 residues, stability of the single-c x hain 
protein increased with length. Arc-L9-Arc was the least stable 
(AG U «*» 3 kcal/mol; C eff « 6 /iM) and Arc-LL19-Arc was the 
most stable (AG U = 8.4 kcal/mol; C cff = 80 mM) of the 
proteins examined. Increases in linker length past 19 residues 
resulted in decreasing stability until a plateau was reached at 
«*4.5 kcal/mol (C c a te 150 /iM) for linkers between 47 and 59 
residues. 

The linker-dependent changes in stability arise from 
changes in both the folding and unfolding rates, as measured 
in urea-jump, stopped-flow, kinetic experiments. Fig. 3 C and 
D show that both the folding and unfolding rate constants \ ary 
significantly as the linker length is changed. In 7 M urea. 
Atc-LL9-Ajc unfolds with a rate constant (* u ) of ~3.000 s'K 
As the linker length is increased from 9 to 19, there is a roughly 
exponential decrease in k n that spans 3-4 orders of magnitude 
and reaches a value of «*1 s~ l for Arc-LL19-Arc. Changes in 
linker length between 19 and 59 residues do not change k u 
appreciably. Thus, linkers shorter than 19 residues reduce the 




0 2 A 6 8 10 



[Urea] (M) 

FIG. 2. Linker length has large effects 00 the stability of single- 
chain Arc to urea denaturation. The sequences of linkers 1X9 (o). 
LL11 (A). LL17 (•), LL19 (□), LL31 (A), and LL47 (■) are listed in 
Fig. 14. Fraction unfolded was calculated by fitting plots of CD 
ellipticity (234 nm) vs. urea concentration to a two-state-unfolding 
transition. The solid lines represent the best theoretical fits of the 
experimental data. 
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Fig. 3. Properties of linker-length variants of single-chain Arc. (A ) 
Linker sequences. (B) Equilibrium stability and effective concentra- 
tion vary with linker length. Error bars indicate one SD from three 
independent experiments. (C) Folding rates in 2 M urea. (D) Unfold- 
ing rates in 7 M urea. Experimental conditions; protein 1-10 /1m, 25°C, 
50 mM Tris-HCl (pH 7.5), 250 mM KG. and 0.1 mM EDTA. 

free energy barrier between the native state and the transition 
state. 

The refolding rate (kf) in 2 M urea has a maximum value of 
~ 1000 s" 1 for the Arc-LL13-Arc protein. Decreasing the linker 
by four residues to a length of nine causes a 30-fold decrease 
in the folding rate. As the tinker length is increased from 13 to 



47 residues, the refolding rate also decreases. Over this range, 
there is a roughly exponential decrease in kf that spans nearly 
four orders of magnitude. Little change in k f is seen for linkers 
between 47 and 59 residues. These results show that linker 
length can have large effects on the free energy difference 
between the denatured state and the transition state. More- 
over, the length optima for equilibrium stability (19 residues), 
refolding (13 residues), and unfolding (19-59 residues) are 
different. The 19-residue linker provides the greatest equilib- 
rium stability because it is the best compromise between 
reasonably fast refolding and slow unfolding. 

Effects of Linker Composition. To asses the effects of 
varying the number of glycines in the linker, the length of the 
linker was fixed at 19 residues and 16 internal positions were 
randomized between Ala and Gly (ALX library) or between 
Ser and Gly (SLX library) by using the strategy described in 
Materials and Methods. For these experiments, the libraries 
were first selected for Arc repressor activity in vivo and then 
the sequences of individual members were determined. Sixteen 
proteins comprise the ALX library; the linkers in these 
proteins contain from 3 to 15 alanines (Fig. 44). Ten proteins, 
with 3-11 serines in the linker region, comprise the SLX library 
(Fig. 5/1). All of the Arc-ALX-Arc and Arc-SLX-Arc proteins 
were expressed at high levels, were purified, and had CD and 
fluorescence spectra similar to wild-type Arc. In the ALX 
library, variants with eight or more linker alanines showed 
some tendency to aggregate during purification and handling 
but were monomeric at concentrations of 1-20 uM as judged 
by analytical ultracentrifugation and the concentration inde- 
pendence of equilibrium stability and refolding rates. All other 
proteins in the ALX and SLX libraries were highly soluble. 

The number of non-glycine residues in the 19-residue linker 
has a significant effect on the equilibrium stability of proteins 
in both the ALX and SLX libraries, as determined by urea 
denaturation. In the ALX library (Fig. A A and B) y Arc-ALl 1- 
Arc, which contains 11 alanines and 5 glycines in the random- 
ized portion of the linker, has the maximum stability (AG U — 
11 kcal/mol; C eff ~ 8 M). Arc-AL3=Arc, with 3 alanines and , 
13 glycines in the randomized region of the linker, is far less 
stable (AG„ ~ 3 kcal/mol; C cff ~ 10 /i.M), suggesting that too 
much linker flexibility is detrimental to stability. Fig. AB shows, 
however, that stability also decreases when the number of 
alanines is increased past the optimum value of 11, indicating 
that linkers that are too inflexible also limit protein stability. 
The same general trends are observed in the SLX library; 
proteins with too many or too few glycines are significantly less 
stable than Arc-SL7-Arc (AG« ~ 7 kcal/mol; C cS ~* 7 mM). 
There are, however, two significant differences between the 
ALX and SLX results. Maximum stability occurs for a protein 
containing eight glycines in the randomized portion of the 
linker in the SLX library but for a protein containing only five 
glycines in this region in the ALX library. Moreover, the 
stabilities of the most stable variants in each library also differ 
significantly; Arc-ALU -Arc has an effective concentration 
that is 1,000-fold greater than Arc-SL7-Arc. We interpret these 
differences as indicating that the identity of the non-glycine 
residues in the linker is as important as the number of these 
residues in determining stability. By contrast, the positions of 
the glycine and non-glycine residues in the randomized portion 
of the linker seem to be unimportant. Five pairs of variants in 
the ALX library and three pairs in the SLX library have the 
same composition but difference sequences. In each of these 
cases, the stabilities of these variants (indicated by open and 
closed symbols in Figs. AB and SB) were found to be within 
experimental error. 

Another significant difference between the ALX and SLX 
libraries is observed in the unfolding kinetics (Figs. AD and 
SD). In the ALX library, the unfolding rate of different 
variants only changes by a factor of 20. In the SLX library, the 
unfolding rates change by > 1,000-fold. In addition, the shapes 
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FIG. 4. Properties of ALX variants with 19-residue linkers and 
differing in Ala/Gry composition numbers of alanines and glycines. (A) 
Linker sequences. (B) Equilibrium stability and'effective concentration 
vary with number of alanines. For compositional Isomers, closed and open 
symbols represents "a" and *V variants, respectively. Error bars indicate 
one SD from three independent experiments. (Q Folding rates in 43 M 
urea. (D) Unfolding rates in 9.1 M urea. See Fig. 3 for conditions. 

of these plots are very different. The ALX data is concave 
upward with minimum occurring for the protein with seven 
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FIG. 5. Properties of SLX variants with 19-residue linkers differing 
in Ser/Gry composition. (4) Linker sequences. (B) Equilibrium sta- 
bility and effective concentration vary with number of serines. For 
compositional isomers, closed and open symbols represents "a" and 
•V variants, respectively. Error bars indicate one SD from three 
independent experiments. (C) Folding rates in 2.25 M urea. (D) 
Unfolding rates in 9.1 M urea. See Fig. 3 for conditions. 

alanines and eight glycines in the randomized portion of the 
linker. In the SLX library, by contrast, k u decrease exponen- 
tially with the number of serines. The rate constants for 
refolding in the ALX library change by more than five orders 
of magnitude, reaching a maximum for variants with 11 or 12 
alanines in the randomized part of the linker (Fig. 5C). 
Because changes in the unfolding rate are small for the ALX 
proteins, the changes in equilibrium stability arise almost 
exclusively from changes in the refolding rate. In the SLX 
library, variants differ over a 300-fold range in refolding rates 
with a maximum between four and seven serines. Because 
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much larger changes are seen in the unfolding rates, the 
changes in equilibrium stability for the SLX proteins are 
dominated by the changes in unfolding kinetics. These results 
emphasize once again that the chemical identity of the non- 
glycine residues in the linker can have a profound effect on the 
biophysical properties of the single-chain proteins. 

DISCUSSION 

Linker length and composition exert a surprisingly large 
influence on the stability of single-chain Arc repressor. In the 
LLX linker length library, the most stable protein has a linker 
of 19 residues, and adding or deleting a few amino acids 
decreases stability (Fig. 3B). These length effects on stability 
arise from changes in the folding and unfolding rates. In the 
regime from 59 to 13 residues, shortening the linker acceler- 
ates folding. This observation is explained most simply if the 
denatured subunit domains are constrained to smaller and 
smaller regions of conformation space by shorter linkers and 
thus require less random sampling before essential collisions 
required for folding occur. We note, however, that the length 
dependence of the stability of single-chain. Arc variants in this 
regime is significantly steeper than for loop-length variants of 
single-chain Rop (29) and is modeled poorly by simple, random 
walk, entropic considerations (30). As the linker length de- 
creases from 13 to 11 to 9 residues, there is a decrease in the 
folding rate of the corresponding Arc-LLX-Arc protein. At 
some point the linkers must become too short to connect the 
subunits in the native conformation without strain. In fact, in 
the linker length regime from 19 to 9 residues, the unfolding 
rates of the corresponding Arc-LLX-Arc proteins increases 
exponentially as the linkers become shorter, suggesting that 
shorter tethers in this length range introduce more and more 
strain into the native structure. Presumably, proteins with the 
LL17, LL15. and LL13 linkers do not show decreased folding 
rates because of compensating changes in conformational 
search efficiency. 

Glycine is generally used in designed linkers because the 
absence of a /3-carbon permits the polypeptide backbone to 
access dihedral angles that are energetically forbidden for 
other amino acids (31). Thus, a glycine-rich linker will be more 
flexible than a linker of comparable length composed of 
non-glycine residues. Our results, however, indicate that too 
much linker flexibility is detrimental to single-chain protein 
stability. In the ALX (alanine/glycine) library, maximum 
stability was observed when the 16- residue-randomized region 
contained 11 alanines and 5 glycines. In the SLX (serine/ 
glycine) library, the most stable protein had seven serines and 
nine glycines in the randomized portion of the linker. In both 
libraries, plots of stability vs, the number of non-glycine 
residues are relatively regular and proteins with the same 
linker compositions have comparable stabilities (Figs. 45 and 
SB). Both observations suggest that it is the composition rather 
than the sequence of the linker that is important in determin- 
ing stability. A single exception to this generalization is 
provided by Arc-LL19-Arc and Arc-SL3-Arc, which have the 
same composition but stabilities differing by 3.4 kcal/moL The 
first three residues of the linker are Gly-Thr-Ser in Arc-SL3- 
Arc, which has lower stability, and Gly-Gly-Gly in Arc-LL19- 
Arc, suggesting that the conformational flexibility imparted by 
glycine may be important at the junction between C terminus 
of the first subunit and the N terminus of the linker. 

In the ALX library, the main effects of alanine composition 
on stability result from changes in the refolding rate. For 
example, as the number of alanines in the linker increases from 
3 to 11, the folding rates of the corresponding proteins increase 
by 30,000-fold. Alanine restricts the number of .allowed con- 
formations of the linker compared with glycine and, in this 
length regime, probably accelerates the conformational search 
that occurs during folding. Increasing the number of alanines 



to 14 or 15 then reduces the folding rate, probably because 
these linkers become too inflexible. When serine is substituted 
for glycine, there are also effects on the refolding rate but with 
several differences: the optimal number of serines is smaller 
than the optimal number of alanines (7 Ser vs. 11 Ala), the 
difference between the fastest and slowest folders are smaller 
(~2,000-fold for SLX vs, ~30,000-fold for ALX), and the 
maximum folding rates are different (in 2.25 M urea, the 
fastest ALX protein folds *-250 times faster than the fastest 
SLX protein). Clearly, alanine and serine affect linker flexi- 
bility in rather different ways. 

Large differences between alanine and serine are also 
apparent when comparing effects on the unfolding rate. As the 
number of serines in the linker increases, the unfolding rate 
continues to decrease over a 5,000- fold range (Fig. 5D). By 
contrast, in the alanine library, the minimum unfolding rate is 
observed for a protein with seven alanines and the total change 
between the slowest and fastest unfolders is only 15-fold. We 
presume that the ability of serine to form hydrogen bonds 
allows formation of new stabilizing interactions in the native 
state but whether these interactions are within the linker or 
involve" interactions between the linker and the body of the 
single-chain protein is unknown. Because alanines in the linker 
primarily affect folding rates whereas serine has the largest 
effects on unfolding rates, it seems possible that optimizing the 
composition of Gly, Ser, and Ala in a linker library might 
produce single-chain molecules with even greater stabilities 
than those described here. Preliminary studies also suggest that 
the effects of length and composition may be interdependent. 
For example, linkers of different lengths may have different 
optimal compositions. 

Variations in linker length or composition caused no sig- 
nificant changes in repressor activity in vivo except in proteins 
with linkers shorter than 11 residues. In gel mobility-shift 
assays, Arc-LL19-Arc and Arc-LAll-Arc, which have 19- 
residue linkers, bound operator DNA as strongly as wild -type 
Arc dimers (data not shown). In earlier work, however, we 
found that Arc-Ll-Arc (which is identical to Arc-LL15-Arc) 
had a 10-fold enhanced affinity for operator DNA (9, 26). In 
single-chain Arc, the linker connects the N-terminal arm of the 
second subunit to the C terminus of the first subunit; in 
wild -type Arc, this N-terminal arm is disordered in solution 
(32) but folds against the operator in the protein-DNA com- 
plex (33). The L1/LL15 linker may increase operator affinity 
by helping to restrict the conformation of the arm in solution, 
thereby reducing the entropic penalty for ordering the arm 
upon DNA binding (9). By this mode£ lengthening the linker 
to 19 residues probably reduces constraints on the arm con- 
formation. 

In summary, we find that changes in linker length and 
composition can produce substantial changes in the stability 
and folding kinetics of single-chain Arc. Poly-glycine linkers 
maximize the conformational freedom of the polypeptide 
backbone but do not result in optimal stability. For single- 
chain or hybrid protein designs that have folding problems, 
alterations in linker length and/or composition should provide 
a useful method for increasing stability. 

We thank David Goldenberg for helpful discussions. This work was 
supported by an National Institutes of Health postdoctoral fellowship 
(to CR.R.) and by National Institutes of Health Grant Al- 15706 (to 
R.T.S.). 
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unable to support Epo-dependent cell growth or trigger 
Janus kinase 9 and STATU activation* evoi at ooneen- 
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The biological activity of a number of cytokines depends upon 
lig&nd-indncod aggregation of their cognate receptors, as exem- 
plified most convincingly by structural and biochemical studies 
of human growth hormone and its receptor (1-6). A similar 
mechanism has been proposed for receptor activation by eryth- 
ropoietin (Epo), 1 the primary regulator of red blood cell produc- 
tion (6-9). The binding of Epo to its receptor (EpoR) initiates a 
complex signal transduction cascade that includes the JAK- 
STAT. phosphatidyl inositol -3 kinase, and Has pathways (10, 
11). Epo-specific signal transduction can be induced in the 
absence of ligand by a mutant EpoR in which a cysteine re- 
placement in the extracellular domain enables two receptor 
molecules to form a disulfide bond (12). Moreover, a synthetic 
peptide bearing no resemblance to Epo can also transduce a 
signal fey binding to two EpoR molecules (13, 14). 

Utese observations raise the question of how a nonsymmet- 
ric protein monomer sped Really activates Ha cognate receptor 
on the cell surface. There is no direct information to date on 
Epo*s three-dimensional structure. Expression and character- 
izstkm of a large number of Bite-directed Epo mutants support 
a four o-heUca) bundle structural model (15), resembling that 
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of other cytokines (16). Several of these Epo mutants have been 
shown to be deficient or lacking in biological activity (17-20). 
These stnicture-mnction studies have led to the proposal of two 
domains on Epo that bind to its receptor, one at Arg"° Gly 1 ", 
Iys"* and the other at Arg l \ Arg" ra f and possibly Ser l °* 
(18-20). Mutants that nullify either of the two domains would 
be unable to bind to two EpoR molecules. Among the mutants 
tested to date, R103A has the lowest specific bioactivity (17- 
19). No proliferation activity was detectable even at high con- 
centrations. Despite this, R103A Epo is able to bind tightly to 
its receptor (19) and therefore is Ukely to retain one high 
affinity domain. We designed dimeric forms of Epo in which 
two R103A Epo mutants were tandemly attached by a flexible 
isopeptide linkage and asked whether the presence of a second 
postulated high affinity binding motif in the same molecule 
could resurrect Rl03A's activity. We demonstrate that the 
Are 40 " homodimers were biologically active* stimulating prolif- 
eration of human leukemia cell line UTJTEpo, and transducing 
Epo-specific signaling. These results provide direct evidence for 
the two-domain model of erythropoietin function. 

EXPERIMENTAL PROCEDURES 



of pies mid vectors expressing mono* 
name Epos ens reported previously (16, 181 Briefly, a Mfrbase pair 
EcoBJ-BgUl fragment, winch includes the complete ceding sequence of 
the wild-type human erythropoietin ss well as untr an slated regions 2 16 
base pain upstream end 183 base pain downstream, wae maoried into 
the mammalian expression piaemid pSG6 (Stfalagene) and designs ted 
pS05-EIHVWT. To enhance Epo pacification, ■ Hie* tag was engineered 
munediatejy adjacent to the C terminus by means ofFCR with cligo^ 
nucleotide primers BeoVCT <fi'-GGC OAA TTC COC GGA GCC G-S') and 
BamHimB (B'-TCA OOC QQATCC TGA GTG GTG GTG GTG GTG GTG 
TCT GTC CCC TOT OCT GCA GGC-S'). The amplification product* 
were purified and inserted into the fifeoRI end BsmHI site ofpHGft, and 
the resulting rector was designated pSOS-EPO BU/WT. pSOB 
EPO.ffia/RlQXA was made by the same pair of PCR prtmers using 
pSOft-EPO/RiaaA as template. 

Flasmlds containing dimeric Epo DNA were made from a three-way 
ligation of two PCR-smpliUcd monomerio unit* into EcoBX end JBamHI 
Sites Of parental pUsnnd p9G6. pSGfi-Epo/WT and pSOfi-Epo/RlCflA 
DKA were used as tern piste*. The primers need were: EcotCT (see 
above) and ArfEB (6'-GAA GTG OGG TOQ CCT OTC CTO C AO OOC 
TCS'i for the first monomer and &iET/G*y. flwS/Gr/,: 6'-GAA 
GTO CGA CCG AGO COO OGG OOC CCC AOC ACQ CC-3 f ; (he primer 
seq u ences fcr 5, 7, and 9 Giy were slndlar to the Gly a primer and thus 
not shown) and BamHB (fi'-TCA OOC GGA TCC CTA TCA TC7T GTC 
CCC TOT OCT OCA QGC4') for the second nrounner. The two PCR 
products were digested with EcoWBnKl and BmKUBamYR, respeo- 
tively, and tigaled tegetaer with gcnKHBamffl dlaeated pfiOfi vedor, 
Tbt fuaj-tagged Epo DNA was prepared by rXSRuthsssdnewsysaetpt 
thai BamHB was replaced with BamHiaB primer (see above). In the 
preparation of the R103A dimers, Bew(-Arg)HljB(G'«TCA OGC GGA 
TOC TCA GTG GTG GTO GTO GTG OTO GTC COC TOT OCT OCA 
OOC CTC-3'> was used Co make a polyhleUdine las: adJaeent to Asp 1 ** 

of the poly-His tap at Arg™ which is normally the last amino acid of 
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Bpo imnwdifllRb W-larminal to the engtonred Hi* tag * lbs Ala mu- 
tation in both tnonomenc units of R103A dim- whs confirmed by 
didonry sequencing of fisiE digested and purified menoowric DKA 
fraginent*. 

/Wurrwn of Monomer* and Dirneric Epo in Mammalian Ctlk— 
0OS7 anils were majntftliMKl in Dulbeccoe modified Eagle's medium 
(Life Technology m. Inc.) containing IB* fetal bovine serum and 1% 
perueOlnfc/ia^eptofnyeilL For tnuuiunt apranoa of Epo, 0097 cells 
hum grown bo W-Jmconnuency, transacted with 20 jigof rainubi- 
nant ptanmid DNA per 10-cro dish Using the "1™™ phosphate precip- 
itation protocol 90 ug ptasmid pADVmtage (Proroega) were co-lr&n*- 
(acted to onhaitn? the yield of protein production, 72 h aft4» trandectioo, 
the medium was filtered and subjected to raduammunoanay (HtA) to 
deta-mln* secreted Epo ocaiomtratkn. For the trwi»fecttotl of plaamida 
obtaining Huv<agBed Epo, spent medium was removed 24 h alter 
transection, and COS7 cell* were allowed to grow for 2 more day* m 
serum- free medium before collecting the suncnuuant. Medium contain- 
ing Hbv lagged proteins wan loaded onto a Ni-aitraotriacetk acid metal 
(%eksc column (Qtagen) for affinity purification. 

Jfcoo2unys---The dose-depmideni proliferation activities of wt Epo 
and Epo mutant* were ajweyrd in vitro using an Epo^aanonaive target 
eeU UT7/Kpo, a human cell line derived from the bone marrow of a 
patient with acute rncsp^karyobUurtic leukemia (22K Briefly, eeus were 
washed witn FBtt and mixed with various amounts of Epo in a 96*well 
plate, with apprenmaiaiy 10* ceila/wcll, after 72 hofitKubsiion, cel- 
lar growth whs determined by thymidine (NEN Life Science Pmd- 
ueU) UKorporatkm (28) and coiort metric proliferation assay ( P t um e g a). 

Immunnprccipmtion and Wewtern Blot—1 x id* ITT7/EPO cells were 
starred i n medium lacking Epo for 10 h and then treated with various 
forma of Epo for fi min. Ceils were tysed in 0.8 mi of lysis buffer 
attaining \% Triton X-100 and 100 pM sodium vanadate, and Immu- 
ttoi^ripitaled with antibody against JAR2 (Upstate Biotechnology). 
Samples ware atoetiephoresnd on a 1% SDS-poiyacryuunide gd and 
Western blotted with an antibody aeainst phosphotyruainc (4O10, Up- 
state Bkitachnolcsy > using enhanced chemical luminescence (Promega). 

fflec&weAarem; Mobility Shift Assay— UT7/Epo ceils were starred 
overnight and stimulated with Epo for 5 min. Cells were washed. 
ooUodod, and used for preparation of nuclear extracts. Nuclear extracts 
(6 eg) were incubated with 0.25 ng of **P-lobeled STATS consensus 
binding eoquenm (fi'-AOA TIT CTA GGA ATT CAA TCC-S', Santa 
Out Ikotodinology) far 20 min at room temperature and ohictronbore- 
aed on a Mb pofracryianude gel in 0.5X THE buffer. In the superabift 
experiment, t /uj of anti^TATfi (Santa Crus Biotechnokary) antibody 
was added following the initial incubation and rejnenhatcd at room 
» for (toother 15 min before \ 
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RESULTS 

Bxprrsaon of DunerU Epo in C0S7 CetU—The R103A 
dimer* and WT corners were constructed by PGR (Pig, 1) and 
prepared by transient expreaaion and secretion in mammalian 
00S7 cells. Cararxntration of Epo products wne determined by 
a R7A using a polyclonal antiserum against Epo (15, 21). Stud- 
ies employing ocmforraation-depenjderit monoclonal antibodies 
indicate that H103A is properly folded info native tertiary 
structure (24, 20) and therefore would be expected to bind as 
avidly as WT Epo to the polyclonal antiserum. We found that 
dimertc Epoa were secreted from COS7 cells at levels compa- 
rable to that of rnonorneric Epo (in the range of 160-500 units/ 
ml). TTie fact that these doners are recognized by Epo anti- 
aerum in the RIA suggests that their tertiary structures are 
intact 

Bpo-dcpendeni Cell Proliferation— The biological activity of 
R1Q3A dimer was aaaeaaed in two ways: 1) in vitro proliferation 
in UT7/Epo cells, an Epo- responsive human cell tine (22); and 
2) activation of Epo-aperific signal transduction monitored by 
Jak2 phosphorylation and activation of STAT5 binding to DNA. 

The proliferation bmaasay shown in Fig. 2 compares the dose 
response eurvea of UT7/Epo cells exposed to WT Epo and the 
R103A mutant both as monomers and as hornodirnere. ProHfc 



• The biological arUvOy of Rpo is unaiT«dtoi either by mutations at 
the C Urrminus mcluding drietion of the CMermiaal Arg or by the 
addition of poly-Hxa to the C Urmmua (16). 
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Fio. 1. Depletion of dlmerlo Epo asoiesmlea used Id this study. 
Two espies of the full coding sequence for WT(/03 J?) or mutant A) 
Epo are separated by a sequence encoding 8 to 7 glycine residues 
iMriped rectangle). The Epo signal peptide sequence {open rectangle) at 
the 5' end enabled efheient cellular processing and export. The de- 
linked dimera ware also prepared with a poiyhistiiiine sequence Rio* at 
the fl r and [thadtd rtdangU) that enabled purifleation and immuno- 
logic < 
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Fie. 2. Gosaparieon of proliferative biological activities of WT 
and atutant (BiOSA) aaoAoaaarie and dlsaeric Bpo aaoleeulea. 

Epo^ependDut proliferation was assayed in UT7/Epo cells. Incorpora- 
tion of l* H] thymidine was monitore d aft er 72 h of incubation with 
mcreaaing concentrations of Epo. 9, WT Epo monomer; X, WT Epo 
dimer G*y r ; RlDSA dimer ^ 0 # RlOSA dimer Giy^; A, RtOSA 
dimer Oy 7 ; O p R10M monomer. 

oration generally requires >ftO miUiunita/ml rnonorneric WT 
Epo (ECflo = 105 milUunita/rnl). A similar biological effect was 
observed at the same concentration b of dirneric WT Epo (EC M 
- 185 miUiunita/ml). As shown previously (17-19), rnonorneric 
R10SA was completely inert even at a concentration of 350,000 
miUiunita/ml, at least 7*000 times that sufficient for WT Epo 
activity (Fig, 2). In contrast, dirneric R103A was biologically 
active at -150 milliuniWml (EC M • 400 milli units/ml), 
sUg^Uy higher titan that required for dirneric WT Epo. Hie 
biological activities of the dirneric WT Epo and dirneric R103A 
were not affected by the number (3-7) of glycine spacers. 

JAK2 Phosphorylation and STAtt Activation upon Epo 
Stimulation— Axwlyii'n of Epo-dependent signal trun eduction, 
aa shown in Pig. 3, A and B, was in full agreement with the ceH 
proliferation results described above. Phosphorylation of JAK2, 
a member of the Janus Idnaae family, is thought to be the first 
step of Epo-flpodflc signal transduction upon EpoR activation. 
As aapected from previous studies (26), the addition of WT Epo 
to UT7/Epo ceDs, in doses as low as 0.5 unit/ml. resulted in 
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Pta.8. Tyrosine pfeosphcvyUtion of itav Untie I (JAKt) 
protein upon £po MimMr(paM/4) And dinefer (paa^ 0) stint- 
sjuttoo. A, UTTrBpo ecus were starved overnight and eoUsetad 6 into 
after addition of WT or mutant (RlOflA) moporoerk Epo. The mil tyeate 
were tulftected to tamunoprodpitBtion with JARS antibody and WecU 
ore blotted witt, antibody e*unst phosphotyroatne (top) and JAK2 
[bottom ) . A, comparim of JAKS phosphorylation stimulated by WT and 
&103A Epo mowanore sad dimaia. 

prompt tyrosine phosphorylation of JAK2. In contrast, addition 
of up to a 64a fold higher dose of monomelic R103A failed to 
induce JAK2 phoaphmylation (Fig. 34). However, in keeping 
with the bioassay results in Fig. 2A* dimer? of both WT Epo and 
R103A, when added to UT7/Epo cells, elicited robust phospho- 
rylation of JAK2 (Fig. 3B>. 

Several signal transduction pathways subsequent to JAK2 
phosphorylation have been shown to be activated by Epo (10, 
11). One which has been thoroughly studied is the JAK-STAT 
pathway in which STAT5 protein is recruited by activated 
BpoR and becomes phosphorylated by JAK2, Phoephorylated 
and dimeriaed STAT5 protein ta translocated into the nucleus 
where it binds to consensus DNA «pi«tt9— and transactivatea 
aene exprosnkm. To test whether the Epo dimers utilise the 
same pathways, the binding of activated STATE protein to its 
consensus promoter sequence was analyzed by elfictrophoretk 
mobility shift assay, ss shown in Fig. 4. R103A dimers induced 
STAT5 activation, stu&jostmg that. Use wild-type Epo, they 
triggered signaling along the JAK-STAT pathway. 

inunmwUot erf' the Engineered Tag ft* Confirmation ofPtrh 
tein Coruxnintaton— To rule out a significant error in our meas- 
urement of Epo concentration by immunoassay, we devised an 
independent way of measuring the absolute concentration of 
our recombinant Epo products. The coding regions were ex- 
tended to Include sis histttine residues at the C terminus of 
monomelic and dimeric Epo (attached to Asp w or Arg"» of the 
second mononw unit) (Fig. I). The Cterminal poly-Hi* tag 
does not affect Epos epecMc bloactivity ( 15) (data not shown). 
WT and R103A Epo monomer and dimer samples estimated by 
BIA to contain the same amounts of Epo were run on a dena- 
turing SDS-pclyacnylainide gel, and blotted with monoclonal 
antibodies against the poly -His tag (Fig. 0). For Epo monomers, 
the denrtty scan of the blot agreed well with the RIA units 
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yta. 4. E to e fa op hu it i Oo -ability pfctffc assay of n 

I TJT7/Epo cells treated with WT or R108A moaosaorie 
and dimerfe Epos. SO unite/ml Epo wbi tieed unSeat otherwiM eped- 
fled, ^Labeled STATS mMennu Bcmence was used as the probe, 
augration of STATS protmn-DNA cnrnplax is marked by a *rttd arrow. 
Lane /, buflfer control; lane 2, UT7/Epo nudear extract with no Epo 
treatment; lame 3, WT uwwaner; tow* 4 and 5, R10SA moojaner, 30 and 
300 units/ad, respectively; lane 0. WT earner; lane* 7-9, R103A dimer 
with S, 6, and 7 Qij linkers. Lane* 10-19 are the Sams m* lane* 1-9 
except that an antibody against 8TAT5 proteins was added to super 
shift the pioiein-DNA complex (marked by dashed am^). 
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blot. Epo tnonomor and dialer i 
be same amounts of Epo (215, 6, i 
run on s dsnatoiring 8D&PAGB g 
the pnty-Ss tag. 
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(within a factor of two), consistent with s previous study which 
demonstrated by use of c unfur m ation-sen aitive antibodies that 
the Arg 108 -* Ala mutation has no apparent effect on the 
overall folding of Epo (20, 26). The RZA underestimated the 
concentration of WT dimers by a factor of 3-6. This may explain 
why die WT dimer appeared to be slightly more active than 
Arg 108 dimer to our bioaaaay (Fig. 2). Poly.His-tsgged RlQSA 
dimer had approximately the same Western blot signal as thai 
of the two monomers (Fig. 5). Thus our estimate of the specific 
btoactivity of dixneric R103A is not confounded by use of exces- 
sive protein, and can be confidently attributed to the presence 
of the second monomer. 

DISCUSSION 

The simplest explanation of the results in Figs. 2-4 a that 
the dimeric R1Q3A Epo has two active receptor binding do- 
mains, each from one R1Q3A monomelic unit. They each bind 
to one EpoR molecule, and bring them into close enough prox- 
imity to enable activation. Thus the deficient receptor binding 
domain in R103A can be compensated by the active binding site 
Of a second R10SA Epo Which is covalentjy linked in the dimer 



In principle, parallel experiments could bo performed with 
monomeric and dimeric mutants at positions 160-152, the 
sites on helix D that have been proposed to comprise an inde- 
pendent receptor-binding domain. However, in contrast to 
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RlOSAwhi^ isannplou^ %fead," the mutant, on helix D that 
W been studied bo far (18^20) show either impaired folding 

Ine^^^S^ or only partial diminution^ 
■peafic biobtfeal activity. IWfore, data obtained Com ho- 
modiroer* of these mutants would be difficult to interpret. 

Intureatinriy, the wild-type monomerlc Epo is siajiifiaintly 
more active than the wikUjpe dimer and R103A dimer. Al- 
though more aaphiaticated quantitation it required to address 
fliw question, one possible explanation ia that the dimeric Epo 
utoleeules impose steric hindrance when binding to receptor, 
resulting a lower binding affinity. Hie dcJ^denceluxv^ 
of R103A dimer (Pig, 2) are slightlj steeper than those of both 
mmammnc and dime™ Epo, suggesting possible cooperativitj 
^-!w B ^° n « Utent ttlc ^ ™ooei of Epo nmctkm C19) in 
which the R 103A dimer would be composed of two tight binding 
sites, and thus recruitment of the second receptor would be 
more efficient than with the proposed weak second**? binding 
site in wild -type Epo. 

Our experiments comparing monomeric and dimaric R103A 
dearly indicate that two domains (motifs) on the Epo molecttfe 
are required fw 

binding of a single molecule of Epo to two receptor molecules. 
As shown in Pig. 6. two receptors can be brought into juxtapo- 
sition for activation by five different mechanisms: (a) a single 
native Epo molecule containing two different and independent 
receptor binding motift < 18-20); (6) as shown in this study, a 
dimeric Epo, containing only one binding motif on each mono- 
men (c) a mutant EpoR which is cross- linked via a disulfide 
bond; <<f) a Afunctional antibody against the extracellular por- 
tionof the Epo receptor (a, and (c) an KpoR-bindlng mimetic 
peptide (13, 14). The length of linker in the dimeric Epo does 
not seem to be important (Pigs, 2 and 3), Mutant aimers having 
spacers of 3, 5. or 7 glycine residues sH gave similar results. A 
ligand con be effective as long as it has two i^oogiiition^inding 
motifi! in the same monomeric molecule, or one motif in each 
sobunit of a dimer, 
The mimetic peptide binds to two EpoR molecules as a ho- 
jt^S?* v**?** h«» 2-2 stoichiometry and almost 
perfect 2-fold symmetry (13, 14). It follows thai the EpoR-Eno 
fitter complex reported here should also have 2-ftOd symmetrV 
f^^^POW^non^n are imnsymmetrical. and Kprf. 
vZ^ff^r} 11 ^ ate * ^ * tave different affinities for 
EpoR ( 19). It vnll be of interest to see whether the mmsyrn^ 
r^po ^leculetotoracfa with other accessory proS3 
faonal Epo receptor subunits have been proposed (27^301 but 

tore of ttieEpn-EpoR complex, there is the formal possibility 
«bsi <het*^ domains of Epo have different functions. For 
™^^ dom f n *** includes Aitf* may bind to another 
Epo molecule or to an accessory protein, and thus todirectly 



interacts with the Epo receptor. 

The design and evaluation of peptide-1 inked homodimers 
may be applied to other cytokines or growth factors wW 
signaling function depends on bringing receptor subunits into 
apposition. Synthetic molecules (for bioavailability) or large 
protein molecules (for enhanced activity or stability) can be 
evaluated as replacements for the native proteins currently in 
clinical use. 
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